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Abstract
Effects of Chronic Stress on Safety Processing and Physiology in the Medial Prefrontal-Amygdala-Basal
Forebrain Circuit
by
Itamar Grunfeld
Advisor: Ekaterina Likhtik
Chronic stress increases generalization of fear to non-threatening cues, a key symptom in
numerous psychiatric mood disorders. However, the mechanisms through which stress impacts safety
learning remain poorly understood. To probe the relationship between stress and safety learning, this
dissertation employed multiple behaviors, in conjunction with in-vivo multisite physiology during explicit
safety and fear discrimination learning. In Chapter 1, I outline the role of chronic stress in driving
neurological adaptations that result in generalized fear and highlight how this occurs because of impaired
safety cue encoding. In Chapter 2, I show that chronic stress, in the form of social defeat, impairs
encoding of a safety cue. Communication between the prelimbic cortex (PL) of the medial prefrontal
cortex (mPFC) and the basolateral amygdala (BLA) have been shown to be necessary for threat
discrimination. In Chapter 3, I use local field potential (LFP) recordings in the PL and BLA to show that
following chronic stress, safety cues evoke elevated theta power in the PL, the threatening context
evokes increased theta power in the BLA, and PL-BLA theta synchrony is diminished during safety
memory retrieval. In Chapter 4, I demonstrate that explicit safety learning can improve subsequent stressinduced fear discrimination. Finally, in Chapter 5, I show that chronic restraint stress also drives fear
generalization, and I integrate the basal forebrain (BF) into the fear discrimination circuit. I demonstrate
that fewer BF parvalbumin-expressing (PV) cells are active in generalizing mice, and inhibiting cholinergic
afferents from the BF to the PL during discrimination learning disrupts discrimination retrieval, mimicking
stress-induced fear generalization. Overall, this work demonstrates that chronic stress impairs explicit
safety learning, breaks down PL-BLA theta synchrony during safety recall, and increases generalized
fear. Additionally, my results indicate for the first time a role of PV cells in the BF in relation to fear
discrimination. Finally, I show that explicit safety training alleviates stress-induced impairments in
discrimination, which has potential therapeutic implications for disorders that include generalized fear.
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Chapter 1: Introduction
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Introduction
Starting with the late, great Bruce McEwen establishing that stress become maladaptive when
experienced chronically (McEwen, 2005; McEwen & Stellar, 1993), the link between chronic stress and
symptoms reported in psychiatric diagnostic settings has become a hotbed of scientific exploration. Fear
learning has been a focus of this effort due to its relevance to psychiatric diagnoses like post-traumatic
stress disorder (PTSD). Parallel work in rodents and humans has established chronic stress as a risk
factor for maladaptive fear learning, which is a hallmark of PTSD. Moreover, amygdala-prefrontal function
and connectivity has been isolated as a major underlying circuit-level mechanism contributing to this risk.
At the same time, world events continue to emphasize the negative impact of chronic stress on mental
health. Ongoing wars create a steady stream of psychiatrically disabled veterans and displaced civilians,
COVID restrictions are reminiscent of a global chronic stress paradigm, and the mental health
ramifications of all these situations already look dire.
While fear learning is well-explored, a gap in the literature surrounds mechanisms for adaptive
safety and how it is impacted by chronic stress, which will be a primary focus of this dissertation.
Concepts such as extinction, the practice of overcoming negative associations by repeatedly presenting
those stimuli in the absence of paired aversive outcome, have been heavily explored ( Hoffman et al.,
2014; Miracle et al., 2006) and made their way from animal models in basic science laboratories to
standards of therapeutic intervention (i.e. exposure therapy). Such success utilizing preclinical paradigms
to inform treatment provided another inspiration for experiments described here focused on probing
explicit safety learning as a potential avenue for combating subsequent maladaptive fear learning.
Extinction and safety learning paradigms grant access to mechanisms by which individual fear
associations are created and shifted; however, animals must be capable of categorizing heterogeneous
stimuli, and rapid threat identification is a high priority for survival. To do this, an animal can generalize
what it learns across many stimuli that share similar characteristics, allowing for a faster and more
efficient reaction to threat. Similarly, ancient humans needed only meet one cheetah before they learned
that lions, panthers, tigers, and anything else with large teeth and feline predatory inclination was
dangerous. Though this system guarantees threat avoidance, chronically over-reacting to non-threatening
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stimuli costs an animal its energetic resources (Asok et al., 2019). Since generalized fear stems from a
categorization of non-threatening stimuli as threatening (Lopresto et al., 2016), manifesting as a constant
vigilance even when no danger is present (Lissek et al., 2014), it seems that this behavior arises, in some
part, from a failure to properly learn properties related to safety. An overarching goal of this dissertation is
to use in-vivo rodent models to explore the neural mechanisms underlying generalized fear, including
those through which chronic stress affects fear generalization. It is my hope that these studies will help
determine specific targets for behavioral and neurological therapeutic intervention aimed at improving
safety learning and ultimately decreasing fear generalization following chronic stress.
The role of generalized fear in mental health disorders
Generalized fear towards non-threatening stimuli has been a documented mental health issue
since the Roman Empire. Aristotle wrote of “the man who is by nature apt to fear everything, even the
squeak of a mouse” in 350 BCE (Ahonen, 2014; Aristotle, 2014). A century before that, the Roman
physician Caelius Aurelianus observed some of his patients were “pantophobic”, literally translated to
“vain fear”, with Latin and Greek etymology originating from the term “all-fearing” (Crocq, 2017). Despite
its deep-set roots, the last twenty years have seen a shift take place in psychiatry, allowing for a
reconceptualization of the role of generalized fear in mental-health disorders. The fifth edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-V) indicates extensive comorbidity amongst
anxiety, depressive, and stress related disorders, providing an opportunity for researchers to detach from
the categorical disease model, and investigate causality through the bottom-up process of identifying the
mechanisms driving individual symptoms (Lang et al., 2016).
Failure to appropriately categorize and react towards incoming information is a symptom that is
prevalent in numerous psychiatric diagnoses such as generalized anxiety disorder (Lissek et al., 2014),
obsessive compulsive disorder (Cooper & Dunsmoor, 2021), eating disorders (Jacobi et al., 2004), and
post-traumatic stress disorder (PTSD) (Kaczkurkin et al., 2017). Clinical diagnosis is often informed by a
mash up of scientifically based data and observation, and, by definition, requires binary patient
classification (e.g., a diagnosis). Within the current system, those who present with atypical variants of a
disorder, or who comorbidly display multiple disorders, are poorly diagnosed, and can therefore not
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receive optimal treatment (Frances, 2013), but there has been a call to action for a more informed
healthcare approach that does not employ categorical exclusion criteria towards disease (Auriemma et
al., 2020). This broadening of inclusion criteria matches with an increasing understanding that within the
domain of psychiatry, where there is such a high burden of comorbidity across disorders, “typical” is not
an appropriate moniker. To break away from these categorical models, a shift needs to take placed
towards identifying underlying physiological drivers of disease that can be diagnosed objectively. This will
require some adjustment, as high patient load and a system that requires concrete diagnosis before a
patient can receive treatment push, towards an older model (Craddock & Mynors-Wallis, 2014). However,
as more of the systems governing disease at a physiological level are uncovered, diagnosis and
treatment through these methods will become exponentially more effective.
In order to address discrepancies between observed physiological characteristics and diagnosis,
the National Institute of Mental Health (NIMH) has developed the Research Domain Criteria (RDoC),
which includes the goal to “implement for research purposes, new ways of classifying mental disorders
based on dimensions of observable behavior and neurobiological measures” (Kozak & Cuthbert, 2016).
RDoC is comprised of groups of constructs organized across six domains that have been informed by
basic research. These include negative valence systems, positive valence systems, cognitive systems,
social processes, arousal and regulatory systems and sensorimotor systems. Within the negative valence
system domain of RDoC exist distinct constructs related to processing acute, potential, and sustained
threat. This new generation of diagnostic tools provide a roadmap for greater specificity in identifying the
needs of individuals that looks beyond the label of the disorder and can better account for variations
amongst individuals with similar, but not identical, symptoms. Psychiatric medicine has never been more
incentivized to broaden the scope of understanding towards the underlying drivers of mental health
disorders. The work proposed in this thesis outlines a global effect of chronic stress on diminishing safety
signal learning, thereby driving generalized fear regardless of the modality of chronic stress and proposes
the PL-BLA-BF as candidate circuit for increased therapeutic attention.
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In conjunction with a philosophical shift in the clinical community towards more physiologically
relevant measures of disorder, a rich body of non-human research employing increasingly sophisticated
tools is driving an understanding of the mechanisms that determine specificity of fear responses (Asok et
al., 2019). This has prompted increased adaptation of preclinical models towards therapeutic care, with
an emphasis on how the brain learns associations, how this natural adaptive system can become
maladaptive when inappropriate associations are made, and how to restore healthy associative learning.
In the spirit of this zeitgeist, this dissertation places particular emphasis on understanding how
manipulation of behavioral conditions or neurological circuitry can improve discrimination learning
following chronic stress.
The Role of Stress in Mental Health Disorders
Origins of Stress
Life requires balance, and any living organism has a natural state which it constantly strives to
achieve (Davies, 2016). The American physiologist Walter Bradford Cannon referred to this as
‘homeostasis’ (Cannon, 1929). In his 1932 publication, The Wisdom of the Body, Cannon outlines four
core concepts governing a state of homeostasis: 1) mechanisms to maintain constancy, 2) an automatic
release of change-resisting factors towards any tendency towards change, 3) multiple systems acting
simultaneously or successively to accomplish this state of balance, and 4) this system is the result of
organized self-governance (Cannon, 1932). The internal or external experiences that threaten this
homeostatic state are known as stressors, and when they are sufficient to shift the organism away from
this balanced state then the animal is experiencing stress.
The definition of stress has a significant cultural backdrop and has shifted over time. Terms that
seem engrained in the existence of contemporary life, such as being “stressed out” or “stressing” about
something, are developments with origins in the 20th century. Interestingly, neither biology nor psychology
can ultimately claim credit for coining “stress”, as this honor is held by the field of physics. In physics,
stress pertains to a force that produces strain on a physical body. Observing his patients, the German
physician Hans Selye realized that a variety of forces acting upon the health of an individual could all lead
to the same general outcome, that the patients were sick. His seminal work The Stress of Life (1946)
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succinctly describes stress as “A non-specific response of the body to a demand”, which highlights how
the body employs a universal system which it applies towards environmental pressures.
Biological Basis of Stress
When something threatens its state of homeostasis, an animal will respond by activating the
sympathetic nervous system, leading to the upregulation of the hypothalamic-pituitary-adrenal (HPA) axis.
This “stress response” results in a cascade of molecules that can drive rapid behavioral adaptations
towards threat. Catecholamines (such as epinephrine) are released through the adrenal medulla, driving
rapid response to behavioral change by leading to physiological shifts including increases in heart rate,
respiration, and blood pressure, marshalling what is known as the “fight-or flight” response (Kvetnansky et
al., 2009). Further down in the HPA axis, stress-induced release of corticotropin-releasing hormone from
the paraventricular nucleus of the hypothalamus leads the pituitary gland to release adrenocorticotropic
hormones which in turn stimulate the adrenal cortex to release glucocorticoids, such as cortisol, which are
the final effectors in regulation and termination of the response to stressors (Charmandari et al., 2005;
Sapolsky et al., 1986). The adaptative capabilities provided through catecholamines paired with
regulatory function provided through glucocorticoids provide the backbones for the process of maintaining
homeostasis, known as allostasis (McEwen, 1998).
The stress response is critical for survival, leading to its biological conservation across mammals,
birds, fish, amphibians, and reptiles, with all these species releasing glucocorticoid molecules (Sapolsky,
2021). Though it can be explained through the scope of biological processes, the subsequent impacts of
exposure to stress have been increasingly conceptualized within the realm of psychology, particularly
since stress has been indicated as a risk factor for an array of psychiatric disorders (Liu et al., 2017;
McEwen & Stellar, 1993).
More stress, more problems
It is unclear where the line separating the biological versus psychological impacts of stress
exposure lies, particularly since there are individual differences in stress response. It is difficult to
conceptualize a humanity that did not experience stress, especially since it is well understood that the
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biological factors driving this response have been evolutionarily preserved since long before humans. As
noted by Robert Sapolsky, “it is startling to realize that a vast length of time ago, while evading or
pursuing a prey, a dinosaur secreted glucocorticoid molecules” (Sapolsky, 2021). However, the
contemporary perception of stress is a relatively modern concept. The urgency to investigate stress
specifically as a contributing factor towards mental disorder can be traced back to a post-World War II
society trying to understand the psychopathology that soldiers were experiencing following combat
(Lazarus, 1993). Since that time, stress has become increasingly more recognized as a natural part of
life. This is partially due to changing attitudes and a greater breadth of language available to describe
psychological states, but also may arise from modern society creating an environment where biological
mechanisms designed for promoting survival in highly threatening environments are triggered at a higher
rate for less critical reasons (Sapolsky, 2004). In modern life, where physical threat is reduced, the
systems that are employed to determine whether incoming stimuli are dangerous can often be launched
into overdrive by low-level stressors such as negative interaction on a commute or an opinion on social
media that is mismatched to our worldview. Since sorting through stimuli is neurologically expensive,
especially as the volume of stimuli an individual is exposed to increases, the brain must employ shortcuts
to deal with the incoming information in an efficient manner. One such shortcut is categorizing all
incoming information as threatening, since this allows for always being prepared for threat - the trade-off
being over-reacting to non-threat.
With the existential dread of the COVID-19 pandemic, climate change and recent turmoil in
Eastern Europe coupled with the devices that allow for people to be constantly connected to each other
and sources of information, modern humans face a tonically engaged stress response system that is not
engineered to contend with the constant barrage of perceived threat on its homeostasis. There is a
healthcare crisis embodied in this widespread hyperactivation of stress mechanisms, one that is hiding
behind the more obvious threats to humanity. Lifetime exposure to stress has far-reaching behavioral and
health-related consequences, resulting in known disorders of cardiovascular, metabolic, immune, and
neurological systems (McEwen, 1998), meaning that if stress systems are over-engaged, downstream
health consequences can be significant. Considering the potential for disease imbued by increased
exposure to stressors, it is critical to understand the consequences of taking a system that was designed
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to be intermittently activated by acute events and putting it in the context of modern society where there is
a myriad of stimuli that need to be evaluated for threat.
Neural Impact of Stress on Fear and Safety Learning
Mechanisms of Pavlovian Learning
Following repeated exposure to a threatening unconditioned stimulus (US) paired closely in time
with a neutral stimulus, an animal will generate a cognitive association between the latter stimulus (CS)
and threat (Hermans et al., 2006; Pavlov, 1929). This concept, known as Pavlovian Conditioning, requires
neural pathways for processing the CS and the US. In fear conditioning, these circuits involve sensory
hubs, regions that encode emotionally relevant learning, and regions responsible for the behavioral
expression of a conditioned response (Johansen et al., 2011). Though the full gamut of threat responses
involves the mobilization of multiple systems, the circuit formed between the medial prefrontal cortex
(mPFC) and the basolateral complex of the amygdala (BLA) has received particular attention, and is
necessary for evaluating whether a situation is safe or dangerous and driving resulting behavior (Karalis
et al., 2016). In rodents, mPFC involvement with emotion regulation is heterogenous; activation of the
infralimbic subregion (IL) is associated with decreased expression of defensive freezing (Do-Monte et al.,
2015; Giustino & Maren, 2015), whereas activation of the more dorsally located prelimbic (PL) subregion
is involved in expression of defensive freezing (Burgos-Robles et al., 2017; Karalis et al., 2016; Klavir et
al., 2017).
Once thought to act as more of a relay station, contemporary views of the BLA highlight its role in
developing and storing emotionally relevant associations (LeDoux; Paré, 2002). During novel nonthreatening situations, initial BLA-to-mPFC communication acts as a salience signal (Yizhar & Klavir,
2018). As an animal begins to identify that an ambiguous input is indeed non-threatening in nature, it
generates glutamatergic inputs from the mPFC that target BLA principal neurons (PNs), which in turn
project to inhibitory GABAergic interneurons (INs) in and surrounding the BLA (Sotres-Bayon et al.,
2004). Interestingly, inhibition of mPFC parvalbumin (PV) INs corresponds with learned helplessness in
mice, thought to be analogous to depressive phenotypes in humans, indicating that increased mPFC PV
activity promotes resilience (Perova et al., 2015), and that both GABAergic and glutamatergic mPFC are
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critical for learning. One critical question regarding the dynamics of this circuit centers around how mPFC
to BLA projections, which predominantly stimulate PNs and excites the BLA (Likhtik et al., 2005), still
manage to decrease BLA output (Quirk et al., 2003).
During fear acquisition, the CS corresponds with release of glutamate onto PNs in the amygdala,
which activates amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, allowing for slight
depolarization of the cell (Walker & Davis, 2002). If a signal (such as the US) acts upon the same cell
closely in time to the CS, this will lead to moderate depolarization via incoming calcium (LeDoux, 2007).
When the cell is depolarized, positively charged magnesium ions blocking the channels of N-methyl-Daspartate (NMDA) receptors will be ejected, and further glutamate will create a pathway for transient
increases in intracellular calcium (Ca2+) concentration (Mayer et al., 1984). This results in a biological
cascade leading to activation Ca2+/calmodulin dependent protein kinase II (CAMKII). CAMKII initiates
early long-term potentiation (LTP) via phosphorylation of GluA1-subunit containing AMPA receptors,
increasing their conductance (Barria et al., 1997), as well as increasing available GluA1-expressing
AMPA receptors at the synapse (Krapivinsky et al., 2004). If the US is an electric shock, it can initiate late
LTP, by activating voltage gated calcium channels, alongside AMPA and NMDA. This leads to activation
of Cyclic AMP (cAMP)-dependent protein kinase (PKA) and mitogen-activated protein kinase (MAPK)
which will allow for increased production and trafficking of GluA1 and GluA2-containing AMPA receptors
from the nucleus to the cell membrane (Nayak et al., 1998). This increase availability of calcium
permeable receptors allows future depolarization to occur with greater ease, and when this occurs across
the BLA it leads to overall hyperactivity (LeDoux, 2007). Pharmacological inhibition of AMPA but not
NMDA receptors (Li et al., 1995) results in weakened amygdala response to the auditory cortex, but
inhibition of NMDA receptors is sufficient to disrupt fear learning (Lee & Kim, 1998). During consolidation
of fear learning, GluA1 subunits are replaced by GluA2 (Joels & Lamprecht, 2010) which forms a tight
interaction with protein kinase M-zeta (PKMζ) (Migues et al., 2010).
Extinction of Fear
If a CS is consistently presented in absence of the threatening US then the fear association can
be extinguished; this is a process involving new learning, through which the original memory of the
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association is altered (Maren & Quirk, 2004; Myers & Davis, 2002; Rescorla, 2001). It is critical to note
that the physiological and behavioral CS-US pairing is not eliminated through extinction training; rather,
this shift has been conceptualized as the gradual formation of a competing cognitive construct pairing the
CS with non-threat that will gain traction over time, eventually overshadowing the previous threat
association (Bouton, 1988; Delamater, 2004). Thus, spontaneous re-emergence of previously
extinguished relationships is possible, and represents one challenge faced by therapeutic utilization of
this tool in clinical settings to treat real-world conditioned fear associations (Maren, 2014). As such, a
large focus of fear learning research has been on which features affect the longevity and timing of
extinction learning (Galatzer-Levy et al., 2013; Huff et al., 2009). Preclinical studies in mice exploring
biological regulators of extinction have identified a plethora of mechanisms including brain-derived
neurotrophic factor (BDNF)(Soliman et al., 2010), serotonin transporter levels (Wellman et al., 2007), sex
(Graham & Daher, 2016) and gonadal hormones (Maeng et al., 2017; Twining et al., 2013). Fear learning
leads to a strengthening of PL, but not IL, excitatory synapses onto BLA principal neurons by changing
levels of AMPA receptor conductance, whereby reactivation of the PL by future conditioned cues lead to
an amplified emotional response (Arruda-Carvalho & Clem, 2014) and fear-extinguished mice show a
reduction in the strength of this pathway by shifting the excitation/inhibition balance towards inhibition
(Cho et al., 2013). Informed by animal studies, human research has confirmed that many of the molecular
mechanisms driving stress are conserved across numerous species. Increased BDNF gene expression
and subsequent activation of tropomyosin-related kinase B (TrkB) receptors results in enhanced
extinction in both humans and rodents (Andero & Ressler, 2012). Circulating estradiol levels are linked
with enhanced memory across species, and recent evidence suggests that estradiol treatment in
conjunction with extinction can enhance the effectiveness of this treatment (Cover et al., 2014; Wen et al.,
2021).
Impact of Stress on Acquisition of Learned Fear
The effects of chronic stress on the brain differ across regions (Chattarji et al., 2015). In the
mPFC, a variety of biological changes indicate reduced activity following chronic stress, including reduced
apical dendritic arbors (Liston et al., 2006) and synaptic space of pyramidal neurons (Cook & Wellman,
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2004), impaired PFC dependent behavioral response inhibition towards a fixed-minimum interval
reinforcement task (Mika et al., 2012) and reduced activity of the immediate early-gene c-Fos during
novel threat (Moench et al., 2019). In contrast, the BLA shows enhanced overall c-Fos activation during
fear recall following chronic stress ( Hoffman et al., 2014) and enhanced dendritic arborization in
pyramidal and stellate neurons (Vyas et al., 2002). Thus, stress increases signal processing capabilities
in the BLA, while diminishing them within the mPFC. One proposed mechanism of action is upregulation
of GluA1 subunit levels in the BLA that occur during initial fear learning, and simultaneous increased
transcription of GluA1 and GluA2 containing AMPA receptors release once information is consolidated,
leading to increased AMPA activation, early LTP and increased AMPA availability at the synapse of BLA
PNs (Aubry et al., 2016).
Two recent papers focus on the role of somatostatin (SOM) INs as a possible mechanism for
stress-induced impairments in discrimination learning. Stujenske et al. (2022) demonstrates that, in
unstressed, discriminating mice, excitatory inputs from the PL activate SOM INs in the BLA, leading to
inhibition of BLA PNs during presentation of learned non-aversive stimuli. This inhibition blocks theta
phase reset, desynchronizing cell firing within the BLA. In unstressed mice that generalize threat to nonthreatening cues, PL inputs are disrupted, resulting in disinhibition of BLA pyramidal cells, and an
increase in theta synchrony within the BLA towards non-threat. While this paper did not look at stressed
mice, it demonstrates that PL-driven activation of BLA SOM INs during non-threatening cues contributes
to successful fear discrimination, and highlights inhibition of PL-BLA projections as a mechanism for
breakdown of this behavior (i.e., fear generalization). Joffe et al. (2022) explore the effects of acute
restraint stress (20 minutes) on inhibitory SOM INs in the PL that receive inputs from the BLA. In this
paper they demonstrate that acute stress produces an mGlu5-receptor mediated increase in expression
of calcium-permeable AMPA receptors on SOM INs in the PL. This LTP then produces increased feedforward inhibition onto the apical dendrites of PL pyramidal cells, which competes with other excitatory
inputs (Joffe et al., 2022). If the population of PL pyramidal cells that Joffe et al. demonstrate stressinduced feedforward inhibition within project to the BLA, then this provides a likely mechanism by which
stress can ultimately drive disruption of local inhibitory circuits within the BLA during discriminatory
learning. Cummings et al. (2020) demonstrated that in the PL SOM INs exhibit experience-dependent
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increases in CS-evoked firing specific to fear association and not general fear states. Further these
findings demonstrate that that PV INs are biased towards preventing PN firing, whereas SOM INs
frequently inhibit other INs, and thus upregulation of SOM activity leads to disinhibition of PNs allowing for
windows of higher associative learning by excitatory recruitment of regions associated with defensive
behavior (Cummings & Clem, 2020). Agreeing with these findings, phasic inhibition of prefrontal PV INs, a
likely result of upregulation SOM INs that are known to inhibit these local GABAergic INs, also leads to
increased fear expression through disinhibition of local excitatory PNs (Courtin et al., 2014).
Wolff et al. (2014) show that BLA, PV INs are excited through auditory input. These PV INs
simultaneously target inhibit local PNs, but also local SOM INs, which in turn target PN dendrites. This
results in a counterintuitive enhanced learning following upregulation of the PV INs, likely because these
cells are simultaneously inhibiting BLA SOM INs. Activation of BLA SOM INs reduces learning and
decrease auditory response in BLA , thus inhibition enhances learning. In contrast, PV IN inhibition during
the US leads to enhanced fear learning suggesting these cells play a critical role in gating associative
plasticity induction during the US. This paper demonstrates that both PV and SOM INs are inhibited
during a US, which leads to disinhibition of the entire somatodenritic axis on PNs, greatly increasing their
activity and driving strong associative fear learning (Wolff et al., 2014). Another inhibitory IN population in
the BLA, expressing vasoactive intestinal peptide (VIP), are also activated by aversive events, those that
are unexpected in nature, likely through inhibition of local PV and SOM that leads to increased BLA PN
activity (Krabbe et al., 2019).
Collectively, this paints a picture wherein both structures reciprocally produce feedforward
inhibition through activation of SOM INs, mutually disrupting local firing synchrony. Local inhibitory circuits
in the PL are critical for fear response, whereas local inhibitory circuits in the BLA seem to be necessary
for safety learning. These data demonstrate a delicate balance within the PL-BLA circuit that is required
for proper fear and safety learning to occur and indicate a cascade of molecular mechanisms by which
chronic exposure to stress could upset this balance in favor of increased formation of threat associations.
Chronic stress may produce chronic activation of SOM INs within the PL, amplifying BLA-to-PL inputs,
while shunting others. This shift then could produce weakened PL excitatory outputs onto BLA SOM INs,
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which are critical for driving safety learning, producing a behavioral state of generalized fear. This is
supported by findings indicating the inhibition of the PL results in increased generalized fear (Meyer &
Bucci, 2014; Stujenske et al., 2022).
Impact of Stress on Extinction of Learned Fear
Stress exposure also has a well-documented ability to interfere with natural extinction processes
(VanElzakker et al., 2014). In rats, one week of chronic restraint stress is sufficient to induce deficits in
extinction recall (Miracle et al., 2006). Critically, chronic stress only impairs extinction acquisition and
recall of extinction if it is delivered prior to conditioning, but not when fear memories are formed before
chronic stress (Chakraborty & Chattarji, 2019), signifying that stress impacts learning of new associations
about decreasing threat, but does not interfere with accessing already encoded memories. In humans, it
is methodologically impossible to experimentally deploy chronic stress due to ethical concerns; however,
deficits in extinction learning and recall have been seen in humans following acute stress exposure (Raio
et al., 2014) and observed in individuals with PTSD (Wen et al., 2022). Collectively this evidence
indicates that exposure to stress has the capacity to disrupt adaptive processes necessary to successfully
update threat associations, suggesting that other cognitive domains that rely on similar types of
judgements may also be susceptible to stress.
Rationale for Current Research
The literature described above provides a strong indication that mPFC-BLA connectivity mediates
chronic stress-induced impairments in appropriate fear learning that have clinical relevance. However,
much of the completed research in this field has been done in single-CS conditioning and extinction
paradigms. Ultimately, the processing of threat is part of a balanced neurological ecosystem that relies on
appropriate interpretation of information for success. This thesis begins by examining the behavioral effects
of chronic stress on learning of explicit safety associations, as well as generalization of threat associations
to additional non-threatening stimuli. I then explore whether classically-described mPFC-BLA circuitry
underlies the effects of chronic stress on these behaviors, and probe whether an additional region typically
associated with salience and spatial encoding – the cholinergic basal forebrain (BF) – may be an active
participant in this circuit. These experiments aim to push the field of chronic stress and associative fear
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learning into more behaviorally and mechanistically complex territory, which will be necessary to understand
human psychiatric disorder. My hope is that this work will lead to improved behavioral and pharmacological
treatments for the clinical arsenal, particularly as more people bear the weight of chronic stress globally.
Specific Aims
The first aim of this thesis focuses on establishing the impact of chronic stress on explicit safety
learning. Numerous psychiatric disorders include upregulated threat response towards safe stimuli as a
symptom of chronic stress. To address the relationship between stress exposure and impaired safety
learning, mice were divided into two groups. The stress group received 10 days of chronic social defeat
stress, followed by 2 days of social interaction testing and a subsequent 5-day explicit safety protocol. We
hypothesized that, following chronic stress, animals will show a reduced ability to recall explicit safety.
Aim 2 examines alterations in theta communication within the PL-BLA circuit during explicit safety
recall. Increases in power in the Theta frequency (4-8 Hz) in both the PL and BLA are known to occur during
threat, and animals that generalize fear show reduced Theta synchrony between these regions. To
understand if failure to encode safety corresponds with alterations in theta signaling in these regions, local
field potential (LFP) recording electrodes were stereotaxically implanted in the PL and BLA, and recordings
were collected during explicit safety learning and recall. We hypothesized that an explicit safety cue would
reduce theta power in both regions commensurate with decreased freezing, and that chronic stress would
lead to increased theta, and reduced safety-evoked exploratory movement.
Aim 3 explores the impact of chronic stress on generalized fear and examines its sensitivity to prior
explicit safety learning. Unstressed mice naturally divide into successful and unsuccessful discriminators of
threat; here, I sought to probe the role of chronic stress in the formation of generalized fear by exposing
chronically stressed mice to a Pavlovian differential fear conditioning task. Since generalized fear indicates
a threat response towards cues that should be identified as safe, I also looked at whether prior safety
learning contributes to better discrimination. A cohort of mice were exposed to 10 days of chronic social
defeat stress, followed by explicit safety learning exactly as described in Aim 1. Next, animals underwent
discrimination training with the same safety cue carried from one task to the next (CSsafety = CS-). We
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hypothesized that, prior safety learning with the same cue would mitigate chronic stress’ contribution to
generalized fear.
Finally, Aim 4 incorporates the cholinergic basal forebrain (BF) into the fear learning circuit. Known
to drive salience encoding and learning, the BF projects to the PL and BLA, and is a likely candidate for
integrating signals between the two regions to drive appropriate fear discrimination. To probe the BFs
involvement in threat discrimination learning, I immunohistochemically labeled the immediate early gene
cFos in tissue from stressed mice following discrimination recall. I hypothesized that stress-induced
alterations in activation of cholinergic and GABAergic cells would correspond with levels of generalized
fear. In a separate cohort of ChAT-Cre mice, I used inhibitory optogenetics to selectively shut down
cholinergic projections from the BF to the PL during discrimination learning. Given the critical role of these
neurons in learning and memory, I hypothesized that shutting down BF to PL cholinergic signaling would
result in impaired discrimination learning and subsequent recall.
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Chapter 2: Behavioral Effects of Chronic Stress on Explicit Safety Learning
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Introduction
One explanation for increased generalized fear that is observed in patients with PTSD is that they
have an impaired ability to translate the presence of a safety signal into inhibited fear responses
(Jovanovic et al., 2012). To probe the role of explicit safety cues in an experimental setting, Rogan et al.
developed a paradigm in which an animal is placed in a context with a grid floor through which it can
receive an electric shock. An auditory stimulus, the CSsafety, is used to signify a period of explicit safety
and is the only time within the context that there is a 0% probability of the animal receiving a shock.
Animals will associate the context with threat and increase exploratory behavior during presentation of the
CSsafety (Rogan et al., 2005). Prior work within our lab has shown that by employing salient safety
conditioning, where the onset of the CSsafety (30 sec) is paired with a brief house light (1 sec), mice will
show a reduction in threat response towards the context when exposed to that cue in later trials
(Nahmoud et al., 2021). This suggests that prior safety learning can directly alter future fear responses,
by contributing to opposing behavior. No prior studies have evaluated the effects of stress on this
paradigm.
In a paradigm using inescapable tail shock, it was shown that safety signals are able to suppress
fear responses during non-threatening intershock intervals (Christianson et al., 2011). Another safety
paradigm is the AX+/BX- design, wherein one cue (X) is presented in combination with one of two
possible other cues (A or B). In one situation (AX+) the cue pairing results in shock, while in the other
(BX-) the cue pairing results in no shock. Control animals will begin to fear A and not B. Using this setup,
a safety transfer test can be developed where A and B are combined, with the expectation that the safe
association of B will adjust fear response (measured by fear-potentiated startle) to A (fear inhibition).
However, individuals with PTSD will demonstrate an impairment in safety transfer (Jovanovic et al.,
2013). In the vein of focusing on behavioral outcomes with possible therapeutic applications, this chapter
begins by assessing the impacts of chronic stress on explicit safety learning. Given what is known about
the effects of chronic stress on fear learning and the neurocircuitry governing these behaviors, I
hypothesized that chronic stress would induce a deficit in safety learning that is evident at a population
wide level.
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Methods
Chronic Social Defeat Stress
Chronic Social Defeat Stress (CSDS) was performed on days 1-10 using a protocol that has been
previously described (Aubry et al., 2019; Golden et al., 2011).
Screening: Following a one-week acclimation, retired CD-1 breeders were screened for aggressive
behavior for 3 consecutive days for 180 seconds each day by inserting a 129/SvEv dedicated screener
mouse into the CD-1 occupied cage. If an aggressive interaction (scratching, biting, charging) was
observed, the screening was immediately stopped by removing the screener, and the CD-1 mouse was
marked as aggressive for that day. To be included in the CSDS experiment, CD1s need to attack in at
least 2 consecutive sessions (out of 3 total) with a minimum latency of 60s.
Chronic Social Defeat Stress: The day after the final screening session, experimental male 129/SvEv
mice were placed into the home cage of a male CD-1 mouse that had been pre-screened for aggressive
behavior. The two mice were able to interact (5 min), during which time the CD-1 mouse typically attacks
the intruder mouse. Researchers were on standby to separate the mice should the resident become too
aggressive and bite the intruder mouse for a prolonged period or draw blood. The two mice were then
housed together in the same cage for 24 hours, separated by a perforated plexiglass divider, acting as a
barrier to physical contact without interfering with other psychologically stressful sensory cues (e.g.,
visual, olfactory, auditory). Control mice were housed in similar cages but spent the 5 min interaction and
subsequent night separated by a divider with another 129/SvEv control mouse. Each day experimental
mice were rotated to a new cage with a novel resident (CD1 for CSDS, 129/SvEv for control). CSDS
always took place at unpredictable times throughout the light-cycle (08:00–20:00). The daily rotation
prevented their cage-mate from developing a stable social dynamic, putting the experimental mouse
perpetually in the role of the intruder. The control group was counterbalanced so each mouse spent half
the trials as a resident (new mouse rotated into occupied cage) and half as an intruder (rotated into cage
occupied by another 129/SvEv). Following CSDS all mice were single housed in standard cages.
Social Interaction Test
Behavioral Chamber
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Social interaction (SI) testing was performed as previously described (Aubry et al., 2019). Mice were
placed in the middle of a plastic rectangular arena with rounder corners (25 cm × 48 cm) containing two
identical round wire-mesh enclosures placed at opposite corners of the chamber (Fig. 2.1a). Each of the
two days, the subjects spent 5 min in the SI chamber, and were placed in the center of the field and
allowed to explore the arena, including the two cups. One cup was empty and the other contained a
social target (either CD1 or 129/ SvEv, counterbalanced).
Behavioral Protocol
We assessed their behavior based on the time spent within the interaction zone, which was calculated by
taking 1.5x diameter of each cup with the same center point. For each mouse we calculated a defeat
index (DI) (Aubry et al., 2019; Krishnan et al., 2007), representing the ratio of time spent with the target
mouse (CD1 or 129/SvEv) versus empty cup. To calculate DI, I divided the difference of time spent
between the empty and occupied enclosures by total time spent with both enclosures. This allowed us to
assess social behavior while controlling for general exploration of the enclosures. CSDS exposed mice
were categorized as “susceptible” if they demonstrated a DI below 0, and “resilient” if their DI was above
0. Following SI testing a subset of subjects underwent differential fear conditioning, while a separate
cohort were put through a generalization test and safety conditioning protocol.
Safety Learning
Behavioral Chambers
Training and Recall Contexts: Conditioning was conducted in a dimly lit (30 lx) conditioning chamber
(29.5 cm length x24.8 cm width x18.7 cm height, MedAssociates, St. Albans, VT). A house light (ENV-215
M 28 V, 100 mA, MedAssociates) was placed in the center of the chamber ceiling (18.7 cm above floor).
The house light was turned on for 1 s at the beginning increasing the illumination in the chamber by 50 lx
to 80 lx. Auditory cues were delivered via an audio speaker (ENV-224AM) located in the wall of the
chamber, 10.4 cm above the floor. Shocks were delivered via a constant current aversive stimulator
(ENV-414S). Side video cameras recorded the behavior for subsequent offline scoring. To test memory
retrieval, animals were placed in a grey, rectangular enclosure (70 lx, 45 cm long x13 cm wide, 20 cm wall
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height). Conditioned auditory cues were presented via an audio speaker (ENV-224AM) placed 20 cm
above the floor.
Behavioral Protocols
Safety Training: The day following habituation, each animal was placed in the conditioning apparatus.
After 120 sec in the conditioning apparatus, the first trial began, and each animal received 5 tone cues
(3khz, pips, 30 sec) that were explicitly unpaired from 5 shock US presentations (1s, 0.5mA, mean
interval between US and all proximal CSs, 49s; range, 40 to 60 sec). Shock delivery never occurred
during the 30-second tone, but shock output could occur during the ITI. However, the offset of the tone
did not predict shock onset as the shocks could be delivered anywhere from 0-2 times on any given ITI. In
addition to the tone CS, mice received a house light co- administered for 1 second at the start of each
tone. The combined houselight+tone is the CSsafety. All behavior was recorded by a camera (Flex3,
Optitrack, OR) for offline analysis.
Safety Recall: One day after the second training session, subjects were placed back in the conditioning
apparatus and were presented with 5 CSsafety cues without any shock delivery.
Behavioral analysis: Fear responses in the conditioning chamber were quantified by an observer that
was blinded to group (Control vs. Defeat). The scoring consisted of measuring the amount of time spent
freezing during the 30 sec prior to CS onset (contextual fear), and during the 30 sec of CS presentation.
Complete locomotor cessation, for at least 1sec, was counted as freezing.
Statistical analysis
Social Interaction Testing: Mixed effect models with repeated measures (MMRMs) were constructed in
SPSS (version 25) with fixed effects of group (control vs. defeat) and cup as a repeated measure (amount
of time spent with occupied cup during trials in which the cup was occupied by a 129 SvEv vs. CD1).
Planned comparisons of interest (Fisher’s LSD) were specified a priori to validate the social defeat
paradigm and assess the impact of CSDS on SI behavior. To validate the social defeat paradigm, we
were interested in whether defeated mice spent more time with 129 SvEv than the CD1. To assess the
impact of CSDS we were interested in whether defeated mice spent less time engaging with the CD1
containing cup relative to control mice, and whether defeated mice spent less time engaging with the cup
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containing a 129 SvEv relative to control mice. T-tests were used to assess the impact of group (control
vs. defeat) on DI scores and individual DI scores within each group were examined to determine the
proportion of control vs. defeated animals that could be classified as resilient (DI>0) or susceptible (DI<0)
to CSDS.
Explicit Safety Recall: MMRMs were constructed with fixed effects of group (control vs. defeat) and CS
Type (pCS vs CSsafety) as a repeated measure (% freezing during pCS vs. CSsafety). Planned comparisons
of interest (Fisher’s LSD) were specified a priori to assess the impact of CSDS on explicit safety recall. To
validate our paradigm, we were interested in whether control mice spent a larger proportion of time
freezing to pCS, which had been conditioned as a contextual threat, vs. the explicitly safe CSsafety. (Fig
2.2b).

Figure 2.1. Social Defeat stress increases social avoidance to the CD1. a. The path
(red) of a representative mouse from each group of the social interaction test (grey circle
represents enclosure, dashed line represents interaction zone). Control (n=20) and Defeat
(n=20). b. Timeline of behavioral procedure. c. Time spent interacting with occupied cup on
each day. Defeated mice spent significantly less time with the CD1 cup than controls.
Defeated mice also spent less time with the CD1 cup than the 129 cup, but there was no
difference in time spent between occupied cups in control mice. d. Distribution of Defeat
Index (DI) scores for control and defeated mice. Defeated mice with a DI<0 categorized as
susceptible; DI≥0 categorized as resilient. CSDS led to a decrease in DI scores*=p<0.05,
**=p<0.005, ***=p<0.0005, ****=p<0.0001
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Results
CSDS reduces social interaction
A 2-by-2 ANOVA showed an interaction (F(1,40)=14.277, p=.001; Fig 2c) between group (control or defeat)
and cup (percent time spent in interaction zone of cup containing 129/SvEv or cup containing CD1),
whereby defeated animals spent more time with the 129/SvEv-cup than the CD1-cup (p=.001), whereas
control animals explored both cups (containing CD1- and 129/SvEv mice) for a similar period of time
(p=.107, NS). Further, defeated animals spent less time with the CD1-cup compared with control animals
(p<.0001), whereas the amount of time spent with the 129-cup did not differ between groups (p=.985,
NS). Previous findings have binned mice behavior consistent with a susceptible behavioral phenotype, as
evidenced by decreased DI score, during the SI test when compared to controls (t38=5.49, p<.0001; Fig
2.1d).
CSDS elevates CSsafety freezing, indicating that stress does interfere with explicit safety encoding.
Initial analyses focused on understanding how behavior shifted with the onset of the CSsafety, with
the expectation that the CSsafety tone should elicit a reduction in defensive freezing. A 2-by-2 ANOVA
showed a main effect of condition (pCS or CSsafety) (F(1,270)=38.154, p<.0001) and a main effect of Trial (15) (F(4,270)=4.142, p=.003). Both control (F(1,270)=28.763, p<.0001) and defeat (F(1,270)=11.372, p=.001)
mice decreased their freezing to the CSsafety relative to the pCS. However, previous studies utilizing this
paradigm (Nahmoud et al., 2021; Rogan et al., 2005) have only looked at the first trial of retrieval as an
indicator of explicit safety processing, as mice have begun to extinguish to the threatening nature of the
context by trial five. When I broke the analysis down by Trial, I found that Control mice successfully
reduced their freezing behavior to the first (p=.001), second (p<.0001) and fifth (p=.050) CSsafety
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presentations, indicating that their
explicit safety learning was intact,
and they were able to successfully
ascertain when they were no
longer in potential danger (Fig
2.2c). While they froze less to the
CSsafety overall, defeated mice
showed successful explicit safety
learning only on trial 5 (p=.028)
(Fig 2.2d).
Mice from both the Control and
Defeat groups displayed a
tendency to naturally cluster into
those that successfully suppressed
freezing to the CSsafety and those
that did not. To develop a unitary
metric that could be attributed to
each animal’s freezing behavior, I
Figure 2.2. CSDS decreases retention of an explicit safety
cue. a. Timeline of behavioral procedure from CSDS through
perfusion. b. Cartoon diagram depicting explicit safety paradigm,
in brief, mice receive 5 shocks that can at any time within the
context (pCS) except during a CSsafety tone that is co-initiated
with a 1 second house-light. c. Freezing across trials in control
subjects. There is significantly reduced freezing to the CSsafety
on Trials 1, 2 and 5. d. Freezing across trials in Defeated
subjects. CSDS only reduced freezing to the CSsafety on Trial 5.
e-f Graphs showing individual subjects freezing to the
threatening pCS relative to the CSsafety during the first and last
trial.

*=p<0.05, **=p<0.005, ***=p<0.0005

established a Fear Suppression
score, where time spent freezing to
the first CS was subtracted from
time spent freezing to the first
pCS. In an animal that has learned
the safety paradigm well, the
expectation is that they will display
high freezing during the pCS and

low freezing during the CSsafety, resulting in a higher Fear Suppression score. I ran a frequency
distribution and looked at the median Fear Suppression Score for the first trial to determine a cutoff point
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for what constituted a successful Fear Suppressor vs a non-Suppresssor (Fig 2.3a). The median Fear
Suppression in the population (Control and Defeat animals combined) was 8.93, prompting me to use the
Fear Suppression score
of 10 as a cutoff to
separate mice into into
Fear Suppressors (>10%
difference between pCS
and CSsafety freezing) vs
non-Suppressors (<10%
difference between pCS
and CSsafety freezing).
When divided into the
Fear Suppressor and

Figure 2.3. CSDS shifts the population towards impaired explicit
safety recall. a. Distribution of fear suppression indicates half of mice
naturally gravitated toward successful fear-suppression and half toward
non-Suppression of fear towards safety. b. Fear Suppressors froze
significantly less to tone, non-Suppressors did not shift their freezing to
the CSsafety. c. CSDS led to a considerable proportion shift towards
failed fear suppression.
*=p<0.05, **=p<0.005, ***=p<0.0005

non-Suppressor subgroups, mice reliably decreased (t(13)=6.124, p<.0001) or did not decrease freezing to
the CSsafety respectively (t(15)=1.375, p=.189; Fig 2.3b). When comparing the percentage of animals that
made up Fear Suppressors across the two groups, I observed that chronic stress led to a statistically
significant shift in the population (X2(1)= 4.821, p=.028; Fig 2.3c), whereby a larger proportion of animals
were Fear Suppressors in the Controls group (66.6%), which switched in the CSDS group having a larger
proportion of animals belonging to the non-Suppressor phenotype (79%).
Discussion
My results indicate that CSDS disrupts the processing of safety, resulting in a failure to suppress
defensive freezing to cued safety. A failure to disengage stress responses results in hyper vigilance and
reactivity towards innocuous cues (Weiss, 2007), which will in turn continue to drive heightened stress
responding. Chronic stress is thus poised to create a meta-plastic situation in which stress-driven
behaviors in turn drive more stress, while the neural circuitry underlying these behaviors and stress
responses becomes more robustly interconnected, allowing faster information transfer, driving a snowball
effect of feedforward stress and stress-behavior enhancement. It is interesting that, similar to findings that
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stress only impacts fear learning and recall if it is presented prior to conditioning (Chakraborty & Chattarji,
2019; Rahman et al., 2018), explicit safety likewise exerts an impact on future learning events. It seems
that a behavioral “priming” event is occurring, wherein prior experience skews the interpretation of future
events, like a Bayesian neural network model in which outputs feedback to provide beta adjustments
such that all incoming information is weighted appropriately to bring the output closer to the desired level
(Jospin et al., 2022). This implies a complex circuit with many targets for clinical intervention. Moreover, if
safety and fear learning function along the same subsets of neural pathways, but oppose each other, the
byproduct of enhanced safety learning may be a predisposition towards reduced fearfulness.
Brosschot et al. conceptualized an inability to recognize safety and the tendency to perceive
ambiguous situations as threatening as the Generalized Unsafety Theory of Stress (GUTS), which posits
that the main impacts of chronic stress are an inability to recognize safety cues and a subsequent failure
to inhibit the neurobiological stress response (Brosschot et al., 2016). In humans, it has been shown that
anxious individuals show increased generalization of threat to safe cues (Abbott & Nelson, 2000). Further,
human diffusion tensor imaging (DTI) studies focused on establishing pathways of neural communication
indicate that learned safety results in dampened activity in the amygdala and increased activation of the
dorsolateral prefrontal cortex (Pollak et al., 2010). Coupled with observations that stress generates the
opposite effect on this circuit, hyperactivating the amygdala and hypoactivating the mPFC (Chattarji et al.,
2015), many converging lines of evidence indicate that the neural networks recruited for the processing of
threat and safety overlap and impact each other.
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Chapter 3: Chronic Social Defeat Stress Alters mPFC-BLA Circuit Physiology During Explicit
Safety Retrieval
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Introduction
The behavioral findings I presented in Chapter 2 indicate that chronic stress leads to deficits in
the encoding of explicit safety cues. Next, I sought to probe the underlying neural circuitry contributing to
this shift. We have previously explored the dynamics of the mPFC – BLA circuit and its relationship to
discrimination in non-stressed mice; results demonstrate that the mPFC regulates the activity of the BLA
during non-threatening intervals via theta-band (4-12Hz) oscillatory activity, whereas in times of threat the
BLA is disinhibited giving it greater leverage over behavioral output (Likhtik et al., 2014). Since the
interplay between these regions is critical in driving safety learning, I sought to discover how this circuit
responds to explicit safety encoding, and how this relationship is impacted by exposure to stress. To do
so, I collected simultaneous multi-site in vivo local field potential recordings (LFPS) in the PL of the mPFC
and BLA during explicit safety recall in defeated and control mice. We chose to record from the PL
because there is ample evidence that this region is important for fear discrimination learning (Meyer &
Bucci; Stujenske et al., 2022). However, it’s important to note that the IL is also likely to be an important
site of mPFC communication with the BLA during safety learning (Thompson et al., 2010). My expectation
was that chronic stress would shift physiological responses in these regions to resemble those typically
seen during threatening conditions, even during explicitly cued safety.
Since neural communication requires signals to physically propagate from one area to another, it
is likely that mPFC-BLA communication breakdown involves deterioration of the physical structures
necessary for maintaining this connection. Dendritic spines act as the neuronal recipients of incoming
signal, and their summed inputs drive action potentials. Thus, a stress-induced reduction in dendrites
would be expected in the mPFC, where we expect to see a decreased capacity to integrate external
information and diminished strength of output. To explore whether chronic stress impacts spine density, in
a separate cohort of mice, my collaborators (Nesha Burghardt, Shona Chattarji & Siddhartha Datta)
analyzed the impact of CSDS on dendritic spine formation throughout the mPFC (PL and IL). This
allowed for assessment of dendritic changes as one mechanism that may be responsible for diminished
mPFC control over the BLA following stress.
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Methods
Subjects
For physiology recordings during explicit safety, subjects comprise a subset of mice from the
explicit behavioral paradigm described above. Mice were selected based on successful surgical placement
of tungsten electrode in PL and BLA, and signal inspection using auto correlograms and visual analysis of
spectrograms to determine any channels with non-functioning signal. Mice used for dendritic spine analysis
comprised a separate cohort (control = 5, defeat = 4) that was perfused as described below.
Surgery
The subset of male 129/SvEv (Taconic, Germantown) wild-type mice that went on to perform the explicit
safety learning task underwent surgery to implant electrodes for LFP recording. The implant was made
prior to surgery and consisted of a custom-made 16-chanel electrical interface board (EIB, Gold Phoenix,
likhtiklab/tools) soldered to an Omnetics connector (Omnetics Connector Corporation, Minneapolis, MN)
using solder paster (DigiKey Electronics, Thief River Falls, MN) and a graded heating protocol with a
convection oven. During surgery, mice aged 8-10 weeks were placed in an induction chamber and
anaesthetized with inhaled isoflurane (2%) in oxygen and then placed in a stereotaxic frame (Kopf
Instruments, Tujunga, CA) and maintained on inhaled isoflurane (1.5%) in oxygen for the duration of the
surgery. Core temperature was monitored and maintained at 36.6°C with feedback regulated heating pad.
The stereotaxic surgical procedures have been previously described (Likhtik et al., 2014). In brief bregma
and lambda landmarks were used to level the skull and craniotomies were made using anterior-posterior
(AP) coordinates from bregma, medio-lateral (ML) coordinates from the midline and dorso-ventral
coordinates (DV) from brain surface. Tungsten electrodes were implanted in the BLA (−1.7 mm AP, -3.15
mm ML, −4.3 mm DV) and PL (+1.7 mm AP, 0.3 mm ML, −1.6 mm DV). Skull screws overlying the
cerebellum and frontal cortex served as ground and reference, respectively. All wires were connected to
the 16-channel interface. Preoperatively animals were given local anesthetic in the area around the
craniotomy (Bupivacaine, 5 mg/kg, subq) and an anti-inflammatory agent (Dexamethasone, 3 mg/kg,
subq) Postoperatively, animals were given analgesics (Carpofen, 5 mg/kg, IP) and monitored for comfort
and weight gain. Following surgery, animals were housed individually on a 12-hour light/dark cycle, with
bedding squares provided for enrichment an given a week to recover in the colony room
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Data acquisition.
Recordings were obtained via a digital head stage Cereplex M (Blackrock Microsystems, Salt Lake City,
Utah), and the digitized signals were transferred to a data acquisition system Cerberus (Blackrock
Microsystems, Salt Lake City, Utah). LFP signals from all areas were recorded against the reference
screw. Field potential signals were amplified, bandpass filtered (1–1,000 Hz), and acquired at 2,000 Hz.
The animal’s position was obtained by overhead video tracking of two light-emitting diodes affixed to the
head stage (sampled at 30 Hz).
Data Analysis
Behavior
Prior studies employing the same explicit safety paradigm (Nahmoud et al., 2021; Rogan et al., 2005)
have focused on comparing the first pairing of the CS with the prior 30 second period (pCS), as the
window during which the contextually threatening nature of the context is intact and has not begun to
extinguish. The first trial is the period focused on response to the learned fear and safety associations,
however, by the fifth tone in the absence of any contextual shocks, mice will develop a model of the
environment that allows for the possibility of not getting shocked, and therefore the behavioral response
towards the context should be less defensive. To this end I made an a-priori decision to focus on group
differences as well as differences between the first and last trials.
Physiology
Data were imported into Matlab (Natick, MA) for analysis via the combined use the Chronux analysis
package (http://chronux.org/), custom-written scripts and several scripts provided by J. Stujenske. To
gauge activity within and synchrony across regions during pCS (contextual threat) and CSsafety
presentations, we first looked at spectrograms throughout the tone presentation period. Chronux scripts
were used to obtain multitaper spectrograms with a 500 ms (1000 samples) moving window, a 20 ms
overlap, a time-bandwidth product of 2 with 3 tapers, and 2,048 FFTs. This analysis showed that, in
accordance with previous work using pips in tone fear conditioning, the most pronounced physiological
changes were occurring around the onset of the pips, and we therefore concentrated on pip-evoked
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changes from pre-tone for further investigation (Fig. 3.1, 3.2 a). Pip-evoked changes in LFP power were
quantified using a multitaper method after initial filtering of the field potential for the theta range using a
zero-phase-delay filter (filter0, provided by K. Harris (University College, London) and G. Buzsáki (New
York University).

Figure 3.1. PL processing of contextual threat and explicit safety during recall. a. Example spectrogram of
LFP in the PL recorded during CSsafety. b. Example pip-evoked recording in control (green) and defeat (orange).
Black tracing indicates raw LFP signal, and color overlay indicates signal filtered for theta (4-8 Hz). Dashed lines
indicate pip presentation, which is 50 msec long and occurs once per/second. c. Bar graph show total theta power
(4-8 Hz) in each condition across trials. Defeated mice show a CSsafety evoked increase in theta power that was
absent in controls d. Bar graph examining change in theta power from first to last presentation (Trial 5 – Trial 1).
Control group does not change theta power strength evoked during the pCS or CSsafety throughout the task,
whereas CSDS group show increased CSsafety evoked theta with final trial, indicating that these mice increasing
their association with threat despite ongoing lack of shock. e. Power by trial in control (left) and defeat (right) mice.
Defeated mice showed a CSsafety evoked theta increase that was not present on the first trial but grew in
magnitude as trials progressed. f. Average theta:delta power ratios across all trials showing pCS vs CS in control
(left panel) and defeat (right panel) mice. In control mice, theta power relative to delta decreases as trials progress,
whereas there is no adaptation to pCS in the Defeat group.
#=0.051<p<0.1 *=p<0.05, **=p<0.005, ***=p<0.0005
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Results
Defeat leads to elevated safety cue-evoked theta in the PL
In the PL I looked at changes in theta (4-8 Hz) frequency during contextual safety recall. A 2-by-2 ANOVA
on LFP recordings in the PL (Fig 3.1a-c), comparing Group (Control and Defeat) and Tone (pCS and CS)
with trial (1-5) as a repeated measure, showed an interaction between Group and Tone
(F(1,144)=9.200,p=.003), whereby the CSsafety evoked an increase in theta power over the pCS (contextual
threat) in Defeated mice (F(1,144)=13.922,p<.0001) but not in the Control mice (F(1,144)=0.568,p=.452) (Fig
3.1 c). From Trial 1 to 5 Defeated mice showed an increase in theta to the pCS (mean difference =
10.868; p=.004), but not to the CSsafety (mean difference = 0.822; p=.828) or for either condition within the
Control group (pCS: mean difference = -2.568, p=.52; CSsafety: mean difference = 0.857, p=.830; Fig
3.1d). Post-hoc analysis indicated that CSDS induced an upregulation of theta power in the PL towards
the explicit safety cue in the final trial (f(1,144)=.688, p=.408) that was not seen in the Controls
(F(1,144)=1.153,p=.285), nor in either group during the first trial (Controls: F(1,144)=1.153,p=.285; Defeat:
F(1,144)=.550,p=.459; Fig 3.1e).
To study how theta/delta power changes during explicit safety retrieval, I calculated a theta/delta
power ratio during the pre-CS and the CSsafety. I made an a-priori decision to focus on the first and last
trials to understand how chronic stress impacted not just initial recall of the explicit safety cue, but also
the ability to update the association of the context as safety retrieval progressed. A 2-by-2 ANOVA here
demonstrated a group by tone interaction (F(1,144)=6.511,p=.012) indicating that there was a reliable
upregulation of delta relative to theta towards the CSsafety in both the Control (F(1,144)=57.092,p<.0001) and
Defeat (F(1,144)=22.184,p<.0001) mice. Looking at Trial x Trial, it was evident that Controls decreased
theta in exchange for delta with the CSsafety onset on the first (F(1,144)=17.278,p<.0001) or last
(F(1,144)=4.716,p=.032), and while defeated mice did not on the first (F(1,144)=3.801,p=.053), but began to
appear by the last (F(1,144)=6.048,p=.015) (Fig 3.1f).

31

Figure 3.2. BLA processing of contextual threat and explicit safety. a. Example spectrogram of LFP
in the BLA recorded during CSsafety. b. Example pip evoked recording in control (green) and defeat
(orange). Black tracing indicates raw LFP signal, and color overlay indicates signal filtered for theta (3-8
Hz). Dashed lines indicate 50 msec/1 Hz pip. c. Theta power in the BLA decreased to the CSsafety across
groups, this effect is significant in Defeat, but not Controls. d. Bar graph examining change in theta from
first to last presentation (Trial 5 – Trial 1). Significance indicates difference from zero. There is a
significant difference in pCS in Defeated mice, demonstrating increased BLA theta towards the context as
the trial progressed. e. There is an increase in pCS evoked theta on the 5th tone in Defeated mice relative
to the CSsafety f-g. There is a CSsafety evoked shift towards increased delta relative to theta that is greater in
Control mice on the first and last trials (f) and as evidenced by differences from pCS to CS theta:delta that
is significant in Controls and not Defeat.
These data indicate that stress increases CSsafety evoked PL theta power in a manner that
becomes more pronounced as the task progresses. Typically, larger theta responses in the PL are seen
during aversive cue presentations (Jarovi et al., 2018), suggesting that in the defeated mice, the PL is
processing CSsafety as an aversive cue, even towards the end of the recall session. Collectively, these
data demonstrate that CSDS increases PL theta response towards explicitly safe cues and diminishes
extinction related increases of delta relative to theta towards the pCS. Since my behavioral data indicate
that CSDS also impairs fear suppression during explicit safety recall, it is likely that this PL increase and
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lack of theta:delta differences between the tones, reflects a population that failed to properly encode
safety during training.
CSDS leads to impaired extinction of contextual threat in the BLA
In the PL I observed a stress-induced adaptation characterized by increased cue-evoked theta
power to CSsafety relative to the pCS in Defeated mice. Interestingly, the opposite was observed in the
BLA, and theta power is decreased towards the CSsafety. Visual analysis of power analyses indicated that
a shift took place as trials progress, particularly in relation to the defeated mice who show a slight uptick
in theta power to the pCS on the last trial (Fig 3.2b, bottom right panel). A 2-by-2 ANOVA between Group
and Condition with Trial as a repeated measure showed a main effect of Condition (f(1,153)=11.762,p=.001)
where the CSsafety evoked a significant reduction in theta in the Defeated mice (f(1,153)=8.927, p=.003)
and a marginal reduction in Controls (F(1,153)=3.597, p=.060) (Fig 3.2 b, c). When looking at these subjects
in more detail, Trial x Trial, I see that, in Defeat mice, the perceived decrease in CSsafety is driven by an
increase in pCS theta at the end of the task, with theta power increasing to the context (pCS) from trial 1
to 5 (p=.004; Fig3.2 d), while no such increase is observed to the CSsafety (p=.828). Further, the increase
in contextual theta by trial 5 was sufficient to separate the pCS than the CSsafety (F(1,153)=8.826,p=.003).
The observed reduction in evoked theta in the Control but not Defeat mice during the CSsafety relative to
the pCS is consistent the literature, indicating the presence of the CSsafety can elicit a dampening effect on
the neurological response towards threat. Simultaneously, increases in BLA theta as trials progressed is
also consistent with this frequency being indicative of threat processing.
To account for spectral changes in delta and theta I calculated theta/delta ratios (to get rid of
spectral bleeding from delta). The Theta/Delta ratio showed a significant interaction of group by condition
(F(1,153)=10.513, p=.001), where Control (F(1,153)=38.157,p<.0001), and to a lesser extent Defeat
(F(1,153)=3.331,p=.07), mice reliably suppress theta power during the CSsafety throughout the trial (Fig 3.2e).
Looking at difference in theta from trial 1-5 (Trial 5 – Trial 1), Controls displayed higher Theta/Delta during
the aversive pCS compared to the CSsafety on Trial 1 (F(1,153)=6.222,p=.014) and Trial 5
(F(1,153)=4.436,p=.037) trial, whereas this pattern was absent in Defeat mice (1st trial: F(1,153)=0.069,p=.793;
5th trial: F(1,153)=0.017, p=.896). Looking at the difference between Theta/Delta to the pCS vs CSsafety there
is a significant mean difference in Control (F(1,153)=38.157,p<.0001), but not Defeat (F(1,153)=3.331,p=.07)
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mice (Fig 3.2g). This collectively indicated that during times of safety the BLA reduces theta
communication in favor of delta.
Theta in the BLA has been previously associated with defensive responding and is known to
increase during threatening cues relative to safe ones (Likhtik et al., 2014; Stujenske et al., 2014).
Further, there is evidence that the BLA contains distinct neuronal populations for fear and safety, and that

Figure 3.3. CSDS decreases PL-BLA theta synchrony which is in turn correlated with
decreased freezing to contextual threat. a. Power spectra showing average coherence of Control
(green) and Defeat (orange) across all five trials to both the threat associated context (pCS; left) and
the explicitly safe cue (CSsafety; right). b. There is an overall decrease in PL-BLA coherence
following stress. Additionally, CSDS leads to a higher CSsafety evoked theta signal relative to the
pCS that is not seen in control mice.
the presentation of a CSsafety in tandem with a fear cue dampens BLA responsivity to the fear cue
(Sangha et al., 2013). Since theta in the BLA is often seen during periods of threat, increased delta may
correspond with reduced threat and heightened BLA theta to exclusively the pCS in Defeated mice
suggests that rather than extinguishing fear to context, chronically stressed animals increase their
vigilance in expectation of a potential threat.
Chronic stress results in global reductions in PL-BLA theta synchrony and reduced freezing to
contextual threat
When observing LFPs in single regions, without accounting for activity elsewhere in the brain, I
demonstrated stress-related modifications bias the PL towards processing explicit safety cues as
threatening via increased theta. In the BLA the elevation of theta power I observed was towards the
context (pCS). Taken together, this indicates that this circuit, which is known to be critical for emotional
regulation, is susceptible to perturbation via chronic stress exposure, which affects processing of both
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context and cue. Previous findings emphasize the importance of communication between the mPFC and
BLA is for appropriate action selection in the face of various stimuli (Grunfeld & Likhtik, 2018), however
the pattern of theta-communication in the PL-BLA circuit during explicit safety has not been established.
To investigate this question, and the extent to which CSDS impacts theta communication between these
regions, I conducted a coherence analysis, which indicated higher levels of PL-BLA theta synchrony in
the Control mice than the Defeat mice across all tones and conditions (Fig 3.3a). A 2-by-2 ANOVA
comparing coherence by Group (Control and Defeat) and Condition (pCS and CS) demonstrated that a

Figure 3.4. Safety physiology based off behavioral phenotype. a. Diagram displaying behavior
associated with Suppressors (left) and non-Suppressors (right). Top half describes expected behavior,
bottom left panel shows behavior corresponding with each group. b. Bar graph of theta power in
Suppressors and non-Suppressors in the PL. non-Suppressors (red) show increased CSsafety relative to
pCS theta. c. In the BLA the CSsafety evoked a decrease in power in Fear Suppressors (orange) that was
marginal in non-suppressors d. Power x frequency spectra showing first trial of CS in non-Suppressors
and Suppressors in the PL. e. PL theta (4-8 hZ) power in the PL of non-Suppressors (top) and
Suppressors (bottom). In Suppressors there was significantly higher theta to the pCS over the CSsafety
on the first tone. f. Theta/delta ratio in the PL, indicates adaptations in suppressors towards the pCS from
the first to last trials. g. BLA theta (4-8 hZ) power in the PL of non-Suppressors (top) and Suppressors
(bottom). h. BLA power analyses across trials, there are no significant effect observed on any of the
individual trials. i. Theta/delta ratio in the PL, indicates a higher level of delta relative to theta in
suppressors towards the threatening context adaptations to PL firing that shift as trials progress.
#=0.051<p<0.1 *=p<0.05, **=p<0.005, ***=p<0.0005
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breakdown occurs in PL-BLA theta (4-8Hz) coherence following stress, shown by a main effect of Group
wherein stress mice show less coherence throughout the task (F(1,12)=7.131, p=.020; Fig 3.3 b).
Additionally, CSDS leads to a higher CSsafety evoked theta coherence relative to the pCS
(F(1,108)=7.719,p=.006), while this effect maintains the same pattern, but is not significant in Controls
(F(1,108)=2.764,p=.099).
Failure to respond to explicit safety is driven by context-evoked decreases in PL theta
To understand how PL-BLA circuit physiology functions based on behavioral phenotype (Fig.
3.4a) rather than stress exposure, I analyzed the same mice but using the Fear-Suppressor and nonSuppressor designation described in chapter 2 (Fig 2.2). I evaluated theta power changes in the PL and
BLA to gauge how the two groups processed contextual fear versus safety cue information. In the PL, I
found a significant interaction between group and condition (F(1,144)=4.498, p=.036), whereby the CSsafety
reliably evoked a theta response in non-Suppressors throughout the task (F(1,144)=6.359, p=.013),
whereas Fear Suppressors did not show this effect (F(1,144)=.365, p=.547; Fig 3.4b). In the BLA there was
a main effect of condition, when a CSsafety evoked reduction in theta power regardless of suppression
status (F(1,153)=11.849,p=.001, Fig 3.4c). PL power spectra show that in Fear Suppressor group there is a
reduction of CSsafety evoked theta (Fig 3.4d) such that Fear Suppressors showed reduced theta to the
CSsafety on the Trial 1 (F(1,144)=13.449, p<.0001; Fig 3.4e), while non-Suppressors showed no difference
(F(1,144)=1.194, p=.276). Fear Suppressors also show decreased difference in theta:delta ratios between
pCS and CSsafety as trials progress(p=.019; Fig 3.4f). In the BLA, there were no differences observed in
power on either Trial 1 or 5 (Fig 3.4h) However, Fear Suppressors show an increase in theta relative to
delta to the pCS over the CSsafety on Trial 1 (F(1,153)=6.421,p=.012; Fig 3.4i).
CSDS Leads to a Reduction in Spine Density in the mPFC
When a disruption occurs towards communication in a circuit, this suggests a mechanistic breakdown that
is preventing normal levels of information transfer. One mechanism that is necessary for maintaining
communication between regions are the receptor-rich dendritic spines that collect inputs and contribute to
intracellular current summation as current travels to the soma, leading to depolarization and action
potential generation. Dendritic spines are known to be highly responsive to stress (Conrad, 2010; Vyas et
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al., 2003), suggesting that they could be a potential contributor to the observed reduction in PL-BLA theta
coherence in the Defeat group.
To test the effect of chronic stress on spine density in the mPFC, a separate cohort of mice were
defeated and then put through one day of social interaction testing, after which they were perfused, and
their brains were collected for dendritic spine analysis (Fig 3.5a). CSDS induced a reduction in spines that
globally in the mPFC, as evidenced by fewer total spines in both the PL (t(60)=5.955,p<.0001) and
infralimbic cortex (IL; t(59)=6.201,p<.0001; Fig 3.5b). In addition to reducing total spine number, CSDS also
contributed to a reduction in spine density in the PL (t(60)=5.955,p<.0001) and IL (t(59)=6.201,p<.0001); Fig
3.5c. These findings support the idea that reduce PL-BLA theta coherence is mediated, at least in part, by
reduced spine availability in the
mPFC.
Discussion
In the BLA, recognition
of threat has been paired with
increased theta (Likhtik &
Johansen, 2019). Often
conceived as being primarily a
waypoint for converting sensory
Figure 3.5. CSDS reduces number and density of dendritic spines
in the PL and IL. a. Timeline prior to perfusion (top) and example
images of dendritic spines being quantified. b. CSDS leads to reduced
# of spines in both the PL and IL. c. CSDS leads to reduced density of
spines in the PL and IL.

fear adaptations into motoric
response, there is a substantial
role of the BLA in reward
processing (Zhang et al., 2020),

and since safety signaling involved the removal of an aversive cue, one possible view is that safety is in
itself rewarding. I observed elevated PL theta during the CSsafety in CSDS mice, suggesting that this group
categorized the safe cue as threatening. Interestingly, I also observed reduced BLA theta to CSsafety in
both groups, which is consistent with increased safety processing. The interruption in synchrony between
the PL-BLA, suggests that even if one of these regions is encoding information appropriately at a local
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level, a lack of information exchange between them leads to improper behavior for the situation. Our
findings regarding dendritic reduction in the mPFC following chronic stress provide a mechanism that may
be contributing to this circuit level breakdown. The mPFC promotes top-down influence throughout the
brain and is a crucial driver of decision making (Euston et al., 2012). Within the mPFC, the IL is
responsible for conditioned motor excitation, corresponding with increased movement during extinction,
whereas upregulation of the PL is known for conditioned motor impairment in the face of threat (Grunfeld
& Likhtik, 2018). This subregion specificity is interesting to consider given the global mPFC spine
reduction reported here.
In the explicit safety paradigm, the 30 seconds prior to the first CSsafety onset serve as the
“contextual threat” period, during which animals should retain an expectation of shock associated with the
context (Rogan et al., 2005), even though no shock is presented on the test day. By the end of the task,
selective extinction of the threatening nature of the context should occur, resulting in decreased freezing
to the context. Therefore, I anticipated differences between conditions to be apparent on the first trial
(which is the trial presented as the primary outcome for this task previously (Rogan et al., 2005)). I was
also interested in whether differences would persist to the last trial, which prompted me to probe
adaptation from the first to the last trial within each group. Defeated mice showed evoked theta to the last
CSsafety presentation in the PL, and increased theta to the last pCS in the BLA. Notably, BLA theta to the
context increases from the first to last trials. Since there is a known relationship between BLA theta and
defensive behavior, this increase across the task indicates a failure to extinguish the threatening nature of
the context.
Delta waves are frequently observed in LFP recordings, but rarely analyzed in relation to behavior
(Schultheiss et al., 2020), and are thought to represent a “down state” of neural quiescence (Luczak et
al., 2007), relative to higher frequency oscillations, although delta-specific spikes have been observed in
the encoding of spatial processing (Todorova & Zugaro, 2019). Delta waves habe been shown originate
from inhibitory neurons of the reticular thalamic nucleus and cortico-thalamic and thalamo-cortical
projecting neurons (Steriade et al.1993; Steriade, 2006). Evidence indicates that this frequency is utilized
by thalamic systems to promote mPFC-hippocampus coupling (Roy et al., 2017), suggesting a role of
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delta in the management of contextual encoding. Control mice displayed bias toward delta during the pCS
across trials in the PL, an effect that increased from trial 1 to 5, and a similar pattern in the BLA, with
elevated theta to the pCS on trials 1 and 5. This evidence highlights an important need for deeper
understanding the neurobiology of delta as well as its functional significance, since it appears to
upregulate in non-stressed mice as they begin to extinguish the threatening nature of the context in this
task.
To summarize, Chapter 3 extends what is known about mPFC-BLA circuitry within safety learning
and integrates this field with literature regarding the effects of chronic stress on fear learning and
underlying circuit-level changes. Stress-induced elevation in PL theta towards the CSsafety, despite
proper BLA encoding, emerges as a candidate mechanism underlying the behavioral effects reported in
Chapter 2. Reduced dendritic spine density across the mPFC is consistent with this finding, and impaired
delta-based encoding of contextual threat extinction is another potential consequence of general stressinduced mPFC dysfunction. Mechanisms underlying safety-learning-based prevention of subsequent fear
generalization following chronic stress have yet to be explored.
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Chapter 4: Effects of Chronic Social Defeat Stress and Prior Safety Learning on Generalization of
Fear
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Introduction
The homeostatic nature of the central nervous system is such that when an organism faces
stressors, particularly of a threatening nature, it releases a series of stress associated molecules, as
outlined in previous chapters. The cost of chronic exposure to stress has been extensively studied and is
known to be caustic to mental health and wellness (McEwen, 1998). It is essential that, when no threat is
present, the body minimizes the output of stress-associated hormones. Environmental stimuli are much
more complex than simple associations of threat because they involve simultaneous processing of nonthreatening information. Mammals require respite from danger to downregulate stress hormones and
activate the parasympathetic nervous system, allowing for passive activities such as digestion. If they
generalize fear, failing to distinguish periods during which threat is minimal, then they will not be able to
engage in these restorative processes, and will be more likely to develop subsequent pathologies.
Generalization, and its inverse, discrimination, are concepts that have been observed in species
including insects, fish, amphibians, reptiles, birds, non-human primates, and humans; in contexts ranging
from feeding, drinking courting and threat processing (Ghirlanda & Enquist, 2003). Experimentally,
generalized fear can be probed through differential fear conditioning, wherein animals are trained to
associate one stimulus, the CS+, with threat, while another, the CS-, is never paired with threat (Kutlu et
al., 2014). In mice, initial exposure to stressors sensitizes animals to be more reactive to mild stressors in
the future (Rau et al., 2005), suggesting that prior stress exposure skews interpretation of future
information such that it is viewed as more threatening. Evidence from rats shows that stress effects on
generalization are graded via intensity and frequency (Drysdale et al., 2017). In humans, research on the
intersection of generalization and stress is less heavily explored, but evidence indicates that acute stress
increases generalized fear when it is given sufficient time to consolidate (Dunsmoor et al., 2017), and
individuals with PTSD show generalized fear as a function of impaired fear inhibition (Jovanovic et al.,
2010). Nahmoud et al. (2021) also demonstrated that prior salient safety learning using a 4 kHz CSsafety
will increase subsequent discrimination by reducing freezing to a non-threatening CS- (1 kHz) without
interfering with freezing to the threat-associated CS+ (7 kHz). In this study, the safety cue differed in
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auditory frequency from the CS- in discrimination learning, and there was no stress involved, but it
demonstrates that prior safety learning can enhance subsequent discrimination.
LFPs reflecting aggregated activity of inputs and local firing in the mPFC and BLA show
increased long-range synchrony in the theta range (4-12 Hz) during discrimination recall (Courtin et al.,
2014; Likhtik et al., 2014). In mice that can successfully discriminate between an aversive CS+ and a
neutral CS-, the CS+ evokes higher theta power than the CS-, but both cues evoked an increase in theta
coherence in the mPFC-BLA circuit (Likhtik et al., 2014). This indicates that sensory inputs associated
with the CS+ activate BLA and mPFC to higher levels than the CS-, but that the two structures
communicate about both types of stimuli. Critically, in non-discriminating mice, coherence does not
increase above pre-tone levels, indicating less communication between the structures, and there is an
increase in cue-evoked theta power to both stimuli, suggesting that sensory inputs drive equivalent
amounts of activity to both the aversive CS+ and non-aversive CS- (Karalis et al., 2016; Likhtik et al.,
2014; Seidenbecher et al., 2003). These findings corroborate a relationship in which the mPFC and BLA
communicate via theta-frequency oscillations to encode fear learning, and suggest that this frequency is
critical for regulating reactions to threatening and non-threatening stimuli, through activation or
suppression of fear behaviors respectively (Lesting et al., 2013). GABAergic activity is associated with a
range of gamma oscillations including fast-gamma (70-120Hz) oscillations (Buzsáki & Wang, 2012),
which are suppressed in the BLA during fear, along with increased BLA theta-fast gamma coupling,
suggesting inhibition of BLA GABAergic interneurons (Stujenske et al., 2014). In contrast, for
discriminating animals, presentation of non-threatening CS- corresponds with increased BLA fast gamma
power and coupling of BLA fast gamma to mPFC theta (Likhtik et al., 2014; Stujenske et al., 2014). These
findings suggest that there is more interneuron activity in the BLA during a discriminated CS-, and that
this activity couples to theta-timed signals that arrive from the mPFC.
Collectively, these data indicate that the mPFC exerts directional influence on the BLA during
cues that signal the absence of threat via theta signaling, which is associated with increased BLA fast
gamma oscillations (and likely reflects increased GABAergic activity in the BLA). Conversely, threatassociated cues elicit an overall increase in theta in the BLA and mPFC, and a reduction of BLA fast-
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gamma. Despite progress in understanding the mPFC-BLA dialogue in emotional discriminative learning,
little is known about the mechanisms driving the detection and processing of these cues in the mPFC and
BLA in discriminating and generalizing animals.

Methods
Subjects
Male 129/SvEv mice (Taconic Biosciences, Germantown, NY) were purchased at 8 weeks of age and
group housed (4 per cage). Retired male CD-1 breeder mice were purchased from Charles River
Laboratories (Wilmington, MA) and individually housed in large plastic cages (30.8 cm × 30.8 cm × 14.29
cm) (Thoren Caging Systems, Hazleton, PA) modified to accommodate a perforated plexiglass divider
that was added in once the CSDS protocol began. Upon arrival mice received one week to acclimate to
the colony room before beginning experimental procedures. Mice were then subdivided into control
(n=20) and defeat (n=20)The colony room was maintained at 72 degrees Fahrenheit on a 12 h (08:00–
20:00) light–dark schedule. Mice were provided with free access to food and water. Experiments were
conducted in accordance with NIH guidelines and were approved by the Institutional Animal Care and
Use Committee of Hunter College

Surgery
The subset of unstressed male 129/SvEv wild-type mice were implanted with electrodes for LFP
recording. Surgery methods described in Chapter 2. Tungsten electrodes were implanted in the A1 (-2.5
mm AP, -4.5 mm ML, -0.6 mm DV), BLA (−1.7 mm AP, -3.15 mm ML, −4.3 mm DV), BF (0 mm AP, -1.5
mm ML, −4.5 mm DV) and PL (+1.7 mm AP, 0.3 mm ML, −1.6 mm DV). Following surgery, animals were
housed individually on a 12-hour light/dark cycle, with bedding squares provided for enrichment an given
a week to recover in the colony room
Chronic Social Defeat
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CSDS protocol was identical to that described in the methods of Chapter 2.
Differential Fear Conditioning
Behavioral Chambers
Training and Recall Contexts: Conditioning chambers for differential fear conditioning (Coulbourn
Instruments, Whitehall, PA; 18 cm W × 18 cm D × 30 cm H) where stacked inside a sound attenuating
chamber in a 2 by 2 fashion, allowing for multiple subjects to be conditioned simultaneously. Two distinct
environments were created within these chambers depending on whether subjects were undergoing
Training or Recall. Alterations to the environments involved changes in flooring (grid shock floor for
Training; smooth plastic non-shock for Recall), chamber wall geometry through use of plastic inserts
(square in Training, circular during Recall), lighting (70 lux for Training, lights off for Recall), and scent (2
scents of Clorox wipes).
Behavioral Protocol
Subjects underwent a 5-day Pavlovian differential fear conditioning protocol employing auditory cues that
has previously been tested within our group (Likhtik et al., 2014). This task required mice to differentiate
between two distinct auditory cues: a CS+ (2 kHz, 100 dB, pure tone for 30 seconds, co-terminated with a
shock) and a CS- (8 kHz, 100 dB, pure tone for 30 seconds). The 5-day protocol included 1 day of
habituation, 3 days of training and 1 day of discrimination recall. Prior to behavior, mice were brought
from the colony room to a room adjacent to the behavior room, where they were given 1-2 hours to
acclimate.
Habituation: During habituation subjects were exposed to both the training and recall contexts
(counterbalanced) across the course of a day with a minimum gap of 1 hour between exposures. The
objective of habituation was to expose them to all elements of the behavioral paradigm except for the one
that they were to be tested on and detect innate differences in freezing to the tones being used. Each
subject habituated in the Training Context was placed within the arena described above and then
exposed to 6 total tones (3 CS-, 3 CS+), without any addition of shock. intermixed and presented in
random order with variable ITI (60 sec, 90 sec, 120 sec). Habituation in recall context consisted of
exposure to the context, with no accompanying stimuli.
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Training: On conditioning days, subjects were brought out of their colony room in the animal facility one
hour before the start of behavior and placed in a waiting area proximal to behavioral testing room.

Figure 4.1. Discriminator and Generalizer Behavioral Phenotypes Derived from Differential Fear
Conditioning. a. Mice that successfully freeze more to the threatening CS+ than the non-threatening CSare classified as “Discriminators.” b. Mice that freeze similarly to the non-threatening CS- as the CS+ are
classified as “Generalizers. c. Discrimination Score is quantified as % freezing to CS+ - % freezing to CS-.
Subjects were placed in the Training Context described above. Tone presentation began 120 seconds
after the subject was placed in the chamber to allow for initial exploration. Each mouse was subsequently
exposed to 6 CS- and 6 CS+ pseudo-random presentations, with a variable inter-trial intervals (ITI) of 30,
60, 90 or 120 seconds.
Recall: During recall subjects were placed in the Recall Context described above and exposed to 6
presentations of the auditory CS+ (without a co-terminating shock) and 6 presentations of the CSpresented in a pseudorandom order. The average percentage of time spent freezing to the CS- was
subtracted from the average time spent freezing to the CS+, yielding a discrimination score (DS, Figure
4.1). Mice with a DS ≤ 10 (+/- 10) were categorized as Generalizers, and those with a DS >10 were
classified as Discriminators. Mice with a DS < -10 (freezing to the CS- by more than 10% more than to the
CS+) were considered non-learners who failed to gain the associations and excluded for this analysis).
For the explicit safety data described in Chapter 2, I used a score cutoff below 10% to determine
Generalizers. Prior findings from our lab have observed that the 10% Discrimination score cutoff
statitistically represents the cutoff in bimodal distribution between generalizer and discriminator scores
(Likhtik et al., 2014).
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Statistical Analyses
Differential Fear Conditioning: MMRMs were constructed with fixed effects of group (control vs. defeat)
and CS Type as a repeated measure (% freezing during presentation of CS+ vs. CS-). Planned
comparisons of interest (Fisher’s LSD) were specified a priori to assess the impact of CSDS on fear
discrimination focusing exclusively on the first and last trials. To validate our fear discrimination paradigm,
we were interested in whether control mice spent a larger proportion of time freezing to CS+ vs. CSpresentation. To assess the impact of CSDS on fear discrimination we were interested in whether
defeated mice spent a larger proportion of time freezing to the CS- relative to the CS+ as compared to
control mice. T-tests were used to assess the impact of group (control vs. defeat) on raw discrimination
scores as well as discrimination scores normalized for overall freezing. Chi-square analysis was
conducted to compare proportions of mice that were categorized as generalizers (DS between -10 and
10) or discriminators (DS greater than 10) within each group (control vs. defeat). Correlations (Pearson’s
r) were used to look at relationships between freezing to CS-, freezing to CS+, overall discrimination
score, and time spent with either occupied cup during SI.
Cohen’s κ was run to determine level of agreement between classification as stress susceptible or
resilient during SI testing and as a discriminator or generalizer during differential fear conditioning (N=36,
all animals with DS<-10 were removed from this analysis, thus, this, determination was consistent both
within our frequency findings and prior studies.
Results
CSDS increases in fear generalization occur due to increased CS- freezing
I initially sought to investigate the impact of CSDS on fear discrimination learning. To this end, animals
that underwent CSDS (Days 1-10), were then tested for their social interaction (D11-12), and then
underwent differential fear conditioning training and retrieval (D14-17, Figure 4.2a). During differential fear
conditioning retrieval, the CS-evoked freezing behavior showed a group x CS type interaction
(F(1,200)=5.836, p=.017;Fig 4.2b) wherein defeated mice froze comparably to the CS+ and CS(F(1,200)=.756, p=.386), whereas the control mice froze more to the CS+ than the CS- (F(1,200)=18.367,
p<.0001). Moreover, defeated mice froze more to the CS- than controls (F(1,60)=4.439, p=.039), but there
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was no difference in CS+ freezing
between groups
(F(1,60)<0.000,p=.992). As a result of
the increased CS- freezing, defeated
mice displayed lower levels of
discrimination than control mice
(t(38)=2.214, p=.033; Fig 4.2c), even
after accounting for overall freezing
levels (t(38)=2.501, p=.017, Fig 4.2d).
Cued Fear Generalization is
correlated with Social Avoidance
Avoidance during the social
interaction test is often considered to
be a way to model general social
avoidance reported by depressed
patients. However, it might
alternatively reflect generalization of
fear to a non-threatening social
target. Given that in the social
interaction task, defeated animals are
predicted to avoid the CD1, their
avoidance of the 129/SvEv
conspecific can be considered as
generalization of social avoidance to
non-threatening social targets. This

Figure 4.2. Social Defeat Stress Increases Fear
Generalization. a. Timeline of behavioral procedure from
defeat through perfusion. b. Percentage freezing during
discrimination recall. Control mice froze less to the CSthan the CS+, whereas Defeat mice froze similarly across
tones. Defeat mice froze more to CS- than control mice,
indicating that similar freezing across tones was due to
elevated CS- freezing. c. Violin plot showing discrimination
score distributions. The median, 25th and 75th quartile and
minimum and maximum are shown for each group.
Discrimination score (%freezing CS+ - %freezing CS-)
shown for all subjects. Grey bar indicates mice categorized
as generalizers. Defeat mice showed significantly
decreased discrimination scores. d. Discrimination scores
normalized for total freezing. Defeat mice showed
significantly lower normalized discrimination than controls.
e. Percent of mice categorized as Discriminators or
Generalizers. CSDS increased the proportion of
Generalizers. e. Positive correlation between avoidance of
129 occupied cup in SI and CS- freezing in discrimination
indicates behavioral tendency to apply defensive behavior
towards non-threatening stimuli. *=p<0.05, **=p<0.005,
***=p<0.0005

can be viewed as fear generalization
of defensive freezing to the non-threatening CS- cue in the differential fear discrimination task. Therefore,
we sought to investigate whether social avoidance of the conspecific in the SI task is correlated with fear
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generalization to the CS- in the Fear Discrimination task. We found that across groups there was a
positive relationship between percent time spent avoiding the 129-cup during the SI test, and percent time
spent freezing to the CS- during DFC
retrieval (r=0.352, p=0.036; Fig 4.2e).
Furthermore, using Cohen’s K we
found that there was significant
agreement on designation of animals
as Susceptible vs. Resilient in the SI
task, and Generalizer vs.
Discriminator phenotypes across in
DFC retrieval task, κ=0.349, p=.027.
Generalizers and Discriminators
show differences in PL-BLA
function
Figure 4.3. Physiological Profiles of PL-BLA Circuit in nonStressed Generalizers and Discriminators. a. Example
lesions from LFP placements in the PL and BLA.b. % Freezing
to CS- and CS+ between Discriminator (upside-down triangle)
and Generalizer (square) c-d. . Power normalized to pretone
via a difference in evoked CS power (CS-pCS). Average power
spectra of discriminators (c) and generalizer (d). e. Pairwise
comparisons indicate that Theta increases relative to Delta with
the CS+ onset relative to the CS- in both the PFC (left) and the
BLA (right). *=p<0.05, **=p<0.005

In a small cohort, I explored the PLBLA dynamic in relation to fear
discrimination using LFPs (Fig 4.3a).
Rather than investigating the effects
of stress, here I recorded during the
differential fear conditioning task from
unstressed animals, which naturally

fell into either the Discriminator or Generalizer category (n=4 Discriminators, n=2 Generalizers).
Throughout all my results pertaining to these mice, I was underpowered to detect an effect, but was
performing an exploratory analysis to develop a deeper understanding of the role of this circuit in
generalization, in the absence of stress.
In an ANOVA looking at discrimination status (Discriminator or Generalizer) by freezing to tone (CS- or
CS+), I detected a marginal interaction of discrimination status by tone (F(1,6)=4.924, p=.068; Fig 4.3b)
whereby discriminators froze less to the CS- than the CS+, but generalizers showed no difference. I
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observed similarities in Discriminators and Generalizers in power analyses, indicating an upregulation of
theta in the mPFC to the CS+, however, a substantial delta signature was present in the Discriminators,
affecting interpretation of information towards theta (Fig 4.3c). In Generalizer CS- and CS+ physiology
overlapped substantially in both regions (Fig 4.3d). When examining the theta to delta ratio in this circuit,
in PL there was a significant main effect of tone, with increased shift towards theta with CS+ over the CSregardless of group (F(1,25)=9.588,p=.005). I did not see a group by tone interaction (F(1,25)=1.163,p=.291)
due to being underpowered, but since this was an exploratory analysis I felt justified to investigate the
pairwise comparisons and found that Discriminators showed a significant increase in theta:delta ratio
between tones (F(1,25)=10.893,p=.003) while Generalizers did not (F(1,25)=1.697,p=.205). Trending in the
same direction, the BLA showed a marginal effect of tone (F(1,25)=3.239,p=.084), no interaction
(F(1,25)=1.900,p=.180) but a pairwise difference indicating elevated theta:delta to the CS+ in Discriminators
(F(1,25)=6.312,p=.019) but no differences in Generalizers (F(1,25)=0.074,p=.788; Fig 4.3e).
Prior explicit safety training improves discrimination in chronically stressed mice
To test whether safety learning attenuates stress-induced generalization of fear a subset of the
mice that had previously undergone explicit safety training were subsequently put through the full 5-day
discrimination task as described in chapter 4 (Fig 4.4a). For this group, the auditory CSsafety (4 kHz) from
the explicit safety task was maintained at the same frequency for the CS- in the discrimination task (Fig
4.4b). There was a significant main effect of CS Type (CS- or CS+), whereby stressed mice showed
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Figure 4.4. CSDS drives discrimination deficits that are attenuated with prior safety learning. a.
Timeline of behavioral events for mice that underwent discrimination learning after prior explicit safety
learning (N=5 Control/4 Defeat) b. Diagram indicating that the 4 kHz CSsafety that was learned during
explicit safety was maintained as the CS- in discrimination learning. c. Both groups froze more to the
CS+ than the CS-, but there was a marginal interaction between group and freezing indicating that the
magnitude of discrimination varied d-e No differences were observed between groups in
discrimination scores (CS+ freezing – CS- freezing)(d), even when normalized to total freezing(e). f.
The inclusion of prior explicit safety training prevented stress related shifts towards increased
proportions of generalizers from occurring.
*=p<0.05, ****=p<0.0001

similar CS- evoked reductions in freezing as controls (F(1,9)=45.963, p<.0001; Fig 4.4c). There was a
marginal group (Control or Defeat) by CS Type interaction (F(1,9)=3.495, p=.094), indicating that the
relationship between tones for each group, while maintaining the same directionality, was more
pronounced in Control mice (F(1,9)=47.029,p<.0001) than in Defeat mice (F(1,9)=10.849,p=.009). Critically, I
showed in Chapter 4 that CSDS leads to a significant reduction in discrimination score over controls. In
mice with prior explicit safety conditioning, this difference in discrimination score between control and
stressed groups is absent (t(7)=1.649, p=.143; Fig 4.4d) even when normalizing for total freezing
(t(7)=1.951,p=.092; Fig4.4e). In Chapters 2 and 4 I outline conditions through which chronic stress leads to
a phenotypic shift in the population, characterized by failed suppression of freezing to the CSsafety in
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explicit safety training (Fig 2.1) and while also contributing to a breakdown in discrimination via defensive
responding to the CS- (Fig 4.2). Indeed, when no prior safety learning occurred, a Kolmogorov Smirnov
test showed a marginal difference in cumulative distribution between Control and Defeated animals
(p=.059) leading to a significant shift in phenotypic presentation from Discriminators (74%) in the Controls
toward Generalizers (65%) following defeat (Fig 4.4f).I found that through prior safety conditioning to the
same tone, stressed mice reduced their overall generalized fear, leading to only 1 of 4 (25%) of mice
generalizing in Defeat and 1 of 5 (20%) mice generalizing in controls (Fig4.4g). This clearly establishes
that stress induced differences in discrimination recall can be partially buffered via prior explicit safety
learning.
Discussion
Existing literature exploring the effects of chronic stress on contextual discrimination, where
neutral or shock-paired environments are presented (Baskak et al., 2015; Boxelaere et al., 2017; Trow et
al., 2019), demonstrates that chronic stress causes an upregulation in generalized fear in a manner that
increases with the level of stress exposure (Trow et al., 2019). Findings showing the chronic stress in the
form of corticosterone administration induces bias towards negatively valenced behaviors (like avoidance
in the open field) and impaired positively valenced behaviors where the animal had to accomplish a
particular task to be rewarded (Dieterich et al., 2019). One way to perceive safety induced reduction in
defensive behaviors is that it is rewarding, since it represents senescence of threat. Since I demonstrated
in Chapter 2 that safety learning is negatively affected by chronic stress, this would align with the idea
that stress impairs positive valence behavior. These findings support the idea that discrimination, the task
of sorting incoming stimuli to detect threat from security, is likely to be impacted by chronic stress.
Nonetheless, there have been no studies directly assessing the role of chronic stress on discrimination of
threatening from neutral cues in a rodent model. Here, I found that CSDS led to upregulated generalized
fear via increased overall freezing to the non-threatening CS- (Fig 4.2), consistent with the idea that
stress exposure drives generalization of fear learning to non-threatening stimuli.
Prior work from our group, examining the physiological profiles of Generalizers and
Discriminators, in unstressed mice, indicated that Generalizers show overlapping response to the CS-
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and CS+ in mPFC and BLA theta power and theta:delta ratio (Stujenske et al., 2014) during recall of
differential fear conditioning. Chapter 3 results demonstrated that the PL and BLA coordinate to manage
explicit safety learning and contextual threat encoding respectively, and that this can be altered through
CSDS exposure. Here, in a small exploratory cohort (Figure 4.3), I examined physiology in the PL and
BLA of unstressed mice and found that their theta:delta ratios changed with tone. Though I was
underpowered to detect an interaction between group and tone, I also observed increased theta relative
to delta to the CS+ over the CS- in Discriminators, but not Generalizers, confirming previous findings from
our group. Thus, safety, fear, and discrimination between the two, all appear to employ similar
neurological circuitry that is disrupted by exposure to chronic stress.
Alcoholics Anonymous, the organization designed to provide treatment to those suffering from
alcohol addiction, gives participants chips, or tokens, which mark their sobriety. Though these chips are
nothing more than poker chips, they represent sobriety, and can be an effective tool to help individuals
maintain sobriety in difficult circumstances (Bassin, 1975). In many ways, these tokens provide a tangible
“safe cue;” an object to focus on to redirect attention from competing stimuli, such as those related to their
addiction. Extinction learning, both in rodents (Sheynin et al., 2014), and when therapeutically applied
through exposure therapy (Pittig, 2019), is an attempt to impose safety learning on a previous fear
association (Blakey & Abramowitz, 2016). I reasoned that, if fear and safety engage opposing behavioral
outputs of PL-BLA physiology, then prior safety learning should downregulate fear responses to a
particular stimulus – similar to effects of a “safe” token on associative learning.
To test this hypothesis, I created a model in which explicit safety learning could buffer against
fear generalization, even when safety learning occurs after stress. Findings presented in figure 4.4
demonstrate that explicit safety learning following stress was sufficient to rescue some of the behavioral
breakdowns in discrimination seen in mice with no prior safety learning. For this task I utilized a CS- that
was the same frequency (4 kHz) as the previous CSsafety. This was a first step to addressing a complex
interaction, and future work might investigate whether safety training imbues a more general impact that
is not constrained to a specific stimulus by varying this aspect of the design. Discrimination requires
distinct associations for multiple cues that may differ in valence, and fear generalization can result from
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poor learning about non-threat, or due to a broader range of stimuli categorized as “threatening.” The
tones I used during discrimination learning were 4kHz and 9kHz, however it would be interesting to
examine how increasing (or decreasing) the separation between auditory cues would affect the outcome.
The work presented up to this point has established that chronic stress impairs suppression of
freezing during presentation of a learned cue associated with explicit safety in a threatening context
(Chapter 2), and increases freezing during presentation of a non-threatening CS- in a new context
(Chapter 4), leading to a population shift towards generalization-like behaviors that spans paradigms and
reflects behavioral symptoms seen clinically in patients with PTSD. Collectively, this dissertation outlines
an overall effect whereby exposure to chronic stress erodes behavioral and neurological specificity to
create bias in an animal towards broadened defensive reactivity. The role of the PL in driving safety
discrimination and the BLA in contextual threat processing, paired with local and circuit-wide impairments
induced by stress, suggests that safety learning might have a significant therapeutic benefit by improving
learning in this circuit.
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Chapter 5: Expanding the fear network: incorporating the basal forebrain into the broader
spectrum of generalized fear and safety encoding
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Introduction
Despite the progress that has been made in understanding the mPFC-BLA dialogue in emotional
discriminative learning, less is known about the mechanisms driving the detection and processing of
these cues in the mPFC and BLA in discriminating and generalizing animals (Stujenske et al., 2014). One
potential mediator between the mPFC and the BLA is the basal forebrain (BF), an area thought to support
attention, arousal and memory processes via projections throughout the cortical mantle, including the
mPFC (Zaborszky et al., 2013) and subcortical regions such as the BLA and the hippocampus (HPC)
(Jones, 2004; Likhtik & Johansen, 2019).
The BF contains the majority of the brain’s choline acetyl transferase (ChAT) the enzyme
responsible for synthesizing acetylcholine (Ach) (Oda, 1999). Cholinergic neurons play a vital role in
auditory fear processing. Specifically, during the presentation of the US BF cholinergic neurons release
Ach to various regions, including the adult primary auditory cortex (A1) (Froemke et al.). This release of
ACh activates inhibitory interneurons populations in cortical layer 1, which in turn provide phasic inhibition
on PV and SOM-expressing interneurons, leading to disinhibition of excitatory projection neurons (Pi et
al., 2013). Blocking these glutamatergic projection cells during conditioning abolishes fear learning,
indicating that these cells are necessary for the acquisition of auditory associations related to threat
(Letzkus et al., 2011). This highlights a clear role of cholinergic signaling in initiating the engagement of a
microcircuit necessary for fear learning.
The cholinergic BF also contains GABAergic, glutamatergic and peptidergic neurons (Zaborszky
et al., 2013). In non-human primates there is evidence that the BF contains subsets of neurons
responsible for phasic bursting towards events that violate expectations (prediction error) and another set
that ramps in anticipation of salient events (Zhang et al., 2019). BF cholinergic neurons innervate cortical
structures, and during periods of attentive wakefulness and paradoxical sleep their discharge is
synchronized with theta oscillations (Lee, 2005), and corresponds with increases of theta-gamma
coupling between the mPFC and BF (Howe et al., 2017). Following detection of an appetitive cue,
elevated ACh , principally originating from the BF, is observed throughout the mPFC (Parikh et al., 2007).
These findings suggest that both cholinergic and noncholinergic projections from the BF overlap in the
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mPFC in a manner that allows for cortical regions to undergo cholinergic entrainment (Zaborszky et al.,
2015).
Retrograde tracing studies in non-human primates show reciprocal connectivity between the BF
and the amygdala (Russchen et al., 1985), which have been demonstrated to play a role in motivationally
guided attention (Peck & Salzman, 2014). Interestingly, the central amygdala (CeA), an amygdaloid
region downstream of the BLA, has been identified as sending putative GABAergic projections to the BF
in a potential feedback loop that may suppress ACh projections to the BLA in times of learned fear
expression (Gielow & Zaborszky, 2017), suggesting a complex physiological interaction between the
amygdaloid complex and the BF that takes place during behavior.
The BLA receives the densest BF cholinergic innervation of any neural structure besides the
striatum (Knox, 2016), these cholinergic inputs are critical for acquisition and retention of emotional
memories (Jiang et al., 2016), are known to strengthen amygdala theta (Aitta-Aho et al., 2018), and are
particularly complex due to their receptor dependent function. Demonstrating this concept, BF cholinergic
projections to BLA principal neurons are excitatory towards strongly activated cells and inhibitory towards
those that are relatively quiet, increasing signal-to-noise ratio in the BLA and potentially increasing the
windows during which associative learning can occur (Unal et al., 2015). Since the mPFC - BLA circuit is
critical for encoding cues that signal threat and non-threat, and the BF projects to these regions and
contributes to developing threat associations and cue detection, it is likely that the BF is a critical region in
the threat -safety discrimination network.
There is a lack of understanding both in how the cholinergic system interacts with mPFC-BLA
communication during fear discrimination, and how chronic stress affects this system. Following chronic
stress, fundamental changes are seen in the cholinergic system, with a reduction of Ach levels in the
HPC (Bhakta et al., 2017) and mPFC (Bloem et al., 2014). Complete lesions of the BF cholinergic system
increase fear memory generalization (Knox, 2016), suggesting that the cholinergic system is important for
regulating discrimination.
CSDS elicits a significant behavioral response, but it is a social stressor, which means that it
engages areas related to social recognition, such as the medial hypothalamus, and as such, it is
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impossible to isolate the effects of the stress from more complex social dynamics (Motta & Canteras,
2015). Additionally, CSDS is a particularly active task; during the 5-minute confrontation window in which
a CD-1 aggresses at the 129, animals are move constantly and quickly with physical interactions. This
makes it a poorly suited stress paradigm for experiments involving electrophysiology recordings where
there is a tether connecting the implant to the recording equipment during behavior. Additionally, as a
resident-intruder paradigm, CSDS is unable to be reliably replicated in female subjects unless utilizing a
lactating dam (Jacobson-Pick et al., 2013) or through chemo/optogenetic activation of the hypothalamus
(Maejima et al., 2017). For these reasons we elected to employ chronic restraint stress, instead of CSDS,
to elucidate the BF’s role in stress-induced fear generalization.
Chronic stress is a less intense stressor than CSDS but is still sufficient to cause elevated
conditioned freezing following fear acquisition (Zhang & Rosenkranz, 2013). Ten consecutive days of
chronic restraint elevates anxiety like behaviors such as the elevated plus maze (Vyas et al., 2004)
Chronic restraint stress also has significant impact on aggression, inhibitory avoidance, escape,
as well as learned aspects of fear (i.e., fear conditioning) and inescapable stress (i.e., struggling and
helplessness) (Wood et al., 2008). In rats, one week of chronic restraint stress induces deficits in
extinction recall (Miracle et al., 2006). Chronic restraint has also been shown to cause a decrease in
excitatory transmission in the PL (Negrón-Oyarzo et al.) while enhancing dendritic arborization in BLA
pyramidal and stellated neurons (Vyas et al., 2002). However, despite being a well categorized stressor in
many domains, little is known about the effects of chronic restraint stress on fear generalization in mice.
To address this question, I first checked whether chronic restraint stress creates a population shift toward
fear generalization similarly to CSDS, and then I utilized immunostaining methods to determine which cell
populations in the BF are active during discrimination recall in stressed and non-stressed mice. Finally, in
unstressed mice, I collect LFPs in the BF, mPFC, and BLA during discrimination learning to assess
functional connectivity between these regions during behavior.
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Methods
Subjects
Male 129/SvEv mice (Taconic Biosciences, Germantown, NY) were purchased at 8 weeks of age and
group housed (4 per cage) for one week prior to being individually housed in large plastic cages (30.8 cm
× 30.8 cm × 14.29 cm) (Thoren Caging Systems, Hazleton, PA) to create a segregated housing
environment that still allowed for social contact through the perforated plexiglass divider. This housing
was identical to that used for mice that underwent the CSDS protocol described above. Mice were
subdivided into Control (n=24) and Restraint (n=24). A separate cohort of female (N=12) and male (N=12)
mice were split into Control and Restraint groups (n=6/group) for CORT analysis to investigate whether
on Day 10 of restraint stress, the animals were habituated to this stressor or if it continued to evoke a
stress-response across both sexes. Another cohort (N=6) was implanted with LFPs to examine the PLBLA-BF circuit. The colony room was maintained at 68-74 degrees Fahrenheit on a 12 h (08:00–20:00)
light–dark schedule. Mice were provided with free access to food and water. Experiments were conducted
in accordance with NIH guidelines and were approved by the Institutional Animal Care and Use
Committee of Hunter College.
Chronic Restraint Stress
One week after their arrival in the colony room, mice were separated from cage mates and divided into
control and restraint groups and placed in the Thoren Caging Systems housing that allows for a
perforated Plexiglas divider to be placed in the center. During the designated restraint period, stressed
mice were weighed daily, then immobilized using DecapiCones (Braintree Scientific, MA), for 1h/d/10d.
During restraint period, control mice were placed in a separate room, handled briefly, weighed, and then
returned to their home-cage. Since mice are nocturnal (Peirson et al., 2018), we employed chronic
restraint exclusively during the dark cycle, varying the time of stress, and with the lights on, to enhanced
the stressful nature of the experience. Restraint duration and timeline correspond with findings indicating
that this paradigm is sufficient to elicit disinhibition of the amygdala via impairment of GABAergic
afferents, and elevate CORT levels (Liu et al., 2014).
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Blood Collection/Corticosterone Assay
Blood samples were collected via decapitation immediately after the last sessions of restraint stress.
Following collection, blood was transferred to Eppendorf tubes containing 5 µl 0.5 M EDTA, placed on ice,
and immediately spun down at 3,000RPM for 10 min to obtain plasma. Serum levels of corticosterone
were analyzed with an ELISA kit (Enzo Life Sciences, Inc. Farmingdale, NY). 10 µl of sample were plated
in duplicate and assessed according to the manufacturer’s instructions. Plates were read in a BioPlex
Bead Array Reader (BioRad Hercules, CA, USA) at 450nm.
Differential Fear Conditioning
Behavioral Chambers and Protocol, same as described in the methods of Chapter 4. In all studies
investigating immunohistochemistry within this chapter, Control and Restraint mice underwent differential
fear conditioning following 10 days of chronic restraint stress. Additionally, a separate cohort of control
mice (n=6) underwent differential fear conditioning with LFP recording electrodes to assess the role of the
BF in discrimination alongside the PL and BLA.
Immunohistochemistry
Mice were perfused 90 mins after experiencing the first CS- and CS+ presentations during recall testing.
Mice were subdivided into Generalizers and Discriminators. Generalizers are artificially constrained by
their similarity in freezing across tones, but Discriminators can vary heavily in how well they discriminate,
with low-level discriminators being close to high-level generalizers, thus I only selected strong
representatives with discrimination scores above 25 (CS + freezing – CS- freezing >25%). Perfused
brains were be sectioned using a cryostat (40 µm). Initial IHC focused on slices of brain tissue containing
the BF (AP: +0.61 to -0.23 mm) to understand how this region was functioning in relation to stress and
fear discrimination. After washing in phosphate-buffered saline (PBS), slides were blocked (PBS, 5%
donkey serum, 0.3% Triton X-100) for 1 hour. Tissue was incubated with primary antibodies against cFos
(1:1000, rabbit anti-cFos, AbCam), against cholinergic cells (1:100, goat anti-CHAT, MilliporeSigma) and
against PV (1:1000m guinea pig anti-PV, Synaptic Systems) for 48 hours at 4 °C. After washing, slides
were be incubated with donkey anti-rabbit Alexa 488 (1:500, Thermo Fisher Scientific), donkey anti-goat
Cy5 (1:200, The Jackson Laboratory), and donkey anti-guinea pig (1:200, The Jackson Laboratory) for
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one hour. The tissue was mounted using Prolong Diamond antifade reagent (Thermo Fisher Scientific).
Cells defined as cFos-immunoreactive were counted at three levels from the anterior to posterior aspect
of the BF (Paxinos 2013). Cells were quantified by stacking multiple slices along the z-axis to create a
third dimension and then manual counting was used (ImageJ, NIH, Bethesda, MD). Cells were counted if
the stain fills the cells, and fluorescence ≥2 SD above background. Tissue containing the BF were stained
for c-Fos, ChAT, and PV, and visualized with confocal microscopy (Fig. 6A). I then calculated the
percentage of c-Fos+ cells expressing ChAT or PV in 3 regions of the BF: the Ventral Pallidum (VP),
Substantia Innominata (SI), and the Horizontal limb of the Diagonal Band (HDB) in the selected animals.
Optogenetic Inhibition
To test the role of BF Ch projections to the mPFC in discrimination, I inactivated this input during
acquisition of discrimination learning. I injected the inhibitory opsin enhanced Archaeorhodopsin
(rAAV5/hsyn-eArch3.0-EYFP, n=6) or control EYFP (rAAV5/Hsyn-eEYFP, n=6) in the BF of heterozygous
ChAT(IRES)-Cre male mice (JAX homozygous Chat-Cre males bred with wildtype 129 SVE/Tac females).
After four weeks of viral expression, I implanted optic fibers in the PL, tungsten electrodes to collect LFPs
in the BF, and BLA , and stereotrodes for single cell recordings in the PL. After a week of recovery (5
weeks after initial viral injection), I began behavior and recording. I optogenetically inhibited Ch BF input
to the mPFC during the cue presentation on training days. I then assessed the impact of this manipulation
on learning during discrimination recall, when both tones are presented in absence of laser and shock.
Statistical Analyses
Differential Fear Conditioning: MMRMs were constructed with fixed effects of group (control vs. restraint)
and CS Type as a repeated measure (% freezing during presentation of CS+ vs. CS-). Planned
comparisons of interest (Fisher’s LSD) were specified a priori to assess the impact of 10 days of restraint
on fear discrimination. Additional details regarding this paradigm are identical to those discussed in the
methods of Chapter 4.
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Results
Chronic restraint stress leads to impaired discrimination of non-threat.
We first show that on day 10 of
chronic restraint stress, male and
female display significantly elevated
CORT levels
(F(1,20)=492.500,p<.0001); Fig. 5.1ac), indicating that mice do not
habituate to the restraint. Next, I show
that during differential fear
conditioning recall, the CS-evoked
freezing behavior showed a main
effect of CS type (F(1,240)=15.582,
p<.0001;Fig 5.1d) wherein restrained
mice froze more to the CS- than their
control counterparts (F(1,104)=4.592,
p=.034), an indicator of faulty
accuracy in discrimination of nonthreat. Interestingly, unlike their
defeated counterparts, following
restraint, mice still retained the ability
to discriminate between tones, with
both groups freezing more to the CS+
than the CS- (control: F(1,240)=13.041,
p<.0001; restraint: F(1,240)=3.883,
p=.050). The ability of restrained mice
to retain the distinction between

Figure 5.1. Chronic restraint stress increases
freezing to the non-threatening cue relative to
control, but not to the levels of the CS+. a Timeline
of behavioral procedure from restraint through perfusion
b Cartoon diagram depicting restraint stress using a
Decapicone. c Corticosterone following 10 days
restraint in a cohort of males and females, indicating
minimal habituation to the stressor. d Percentage
freezing during discrimination recall. Both groups froze
significantly more to the CS+ than the CS-, however,
restraint mice froze more to CS- than control mice,
indicating increased tendency towards treating the nonthreatening cue as threatening. e Violin plot showing
discrimination score distributions. The median, 25th and
75th quartile and minimum and maximum are shown for
each group. Discrimination score (%freezing CS+ %freezing CS-) shown for all subjects. Grey bar
indicates mice categorized as generalizers. There is no
difference between groups. f Discrimination scores
normalized for total freezing. There were no differences
in discrimination score between groups. *=p<0.05,
**=p<0.005, ***=p<0.0005
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tones, despite increased freezing to the non-threatening tone, resulted in no significant differences in
discrimination score between the groups (t(46)=1.251, p=.217; Fig 5.1e), even when normalized for overall
freezing (t(46)=1.511, p=.138; Fig 5.1f),
One of the cardinal
symptoms of PTSD is a
breakdown in discrimination
towards threat. My initial efforts
focused on behavioral
characterization of stress on
discrimination learning. Our
interests were focused on both
understanding the role of
chronic stress exposure in
driving generalized fear, but
also in understanding how
consistent the impacts towards
this behavior were depending
on type of stressor.

Figure 5.2. CSDS drives discrimination deficits that are not seen
following Chronic Restraint Stress, but both models lead to a
greater proportion of generalizers. a Comparison of control groups
across both cohorts indicate no group differences and consistent
discrimination, indicated by increased freezing to CS+ relative to CSb Violin plot showing discrimination score distributions. The median,
25th and 75th quartile and minimum and maximum are shown for
each group. Discrimination score (%freezing CS+ - %freezing CS-)
shown for all subjects. Grey bar indicates mice categorized as
generalizers. When collapsed across groups, Control mice show
significantly better discrimination score than Defeat mice, but not
Restraint c X2 showing that following CSDS the population shifts in
favor of Generalizers d same as in c, except showing that a shift
towards Generalizers occurs following Chronic Restraint Stress
*=p<0.05, **=p<0.005, ***=p<0.0005

The Effects of Different
Chronic Stress Paradigms on
Fear Generalization
To compare the impact of
chronic restraint stress and
CSDS on discrimination
learning, I first sought to
establish that there were no
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overall group differences in the behavior of control groups across paradigms, as this would allow me to
collapse the controls into one group when conducting comparison. There was no difference in freezing
between the control groups of my two experiments (F(1,84)=0.1005, p=.752; Fig 5.2a). As expected of a
control group, there is a significant main effect of elevated freezing to the CS+ over the CS- (F(1,84)=14.09,
p=.0003). Once I collapsed the control group across experiments, an ANOVA comparing discrimination
scores for Control, Defeat and Restraint showed a significant main effect of group (F(2,85)=3.303, p=.042)
whereby Control mice had a significantly higher Discrimination Score than Defeat (t(85)=2.459, p=.047),
but not Restraint (t(85)=1.522,p=.345), despite both stress groups displaying medians and means that fall
within the range of generalizers. There was no difference between the two stress groups (t(85)=0.914,
p=.742; Fig 5.2b).
CSDS and Chronic Restraint Stress Cause the population to shift towards Fear Generalization
Since both stressors were increasing freezing to the non-threatening CS- while not changing freezing to
the CS+, but only CSDS did so to the point where group differences in freezing were abolished, we
wanted to understand how these two paradigms tipped the balance of representation of Generalizers v.
Discriminators in the population. This type of distinct determination of population dynamics is particularly
critical when assessing the model through the lens of clinical efficacy, since within psychiatry diseases
are generally categorized based on a cutoff, and anyone with symptoms below a particular threshold,
even if they are close to presenting a disorder, will not be diagnosed. To develop a clear perspective of
how groups were dispersed we looked at data via a cumulative distribution (Fig 5.2c), and we then
identified mice into Generalizers and Discriminators to create a categorical design for assessment. When
we assessed our groups to understand the role of CSDS and Chronic Restraint Stress on overall
population dynamics, we discovered that both stressors lead to a shift in the ratio of Generalizers versus
Discriminators.
Following Chronic Restraint Stress there were more Generalizers in the restraint group (64%) than the
control group (36%), and more Discriminators in the control group (70%) than the restraint group (30%)
(X2(1)= 4.980, p=.026; Fig 5.2d). Collectively these data demonstrate that both modalities of chronic stress
can disrupt discrimination, but the data seen in Chapters 4 and 5 indicate that there are differences in the
extent to which the stress paradigm remodels behavior towards the non-threatening cue.
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Following CSDS and chronic restraint stress I wished to understand how these very dissimilar
stressors differed in magnitude of effect on discrimination recall. To explore this idea, I utilized a Cohen’s
d test (Table 5.1).
Cohen’s d effects used to compare effect size across Restraint and Defeat

CS+
CS-

Disc Score

Control
Stress

Mean

SD

Mean

SD

Cohen's d

Ctrl v. Restraint

71.65

17.58

75.66

19.69

0.21

Ctrl v. Defeat

68.92

21.90

68.86

21.90

0.00

Ctrl v. Restraint

52.82

19.25

64.23

19.69

0.59

Ctrl v. Defeat

52.13

19.99

65.45

19.99

0.67

Ctrl v. Restraint

16.26

23.66

8.87

16.71

0.36

Ctrl v. Defeat

16.79

18.16

3.41

19.99

0.70

Restraint v. Defeat

8.87

16.71

3.41

19.99

0.30

CS- v. CS+ (Restraint)

52.82

17.58

71.65

17.58

1.07

CS- v. CS+ (Defeat)

52.13

19.99

68.92

19.99

0.84

CS- v. CS+ (Restraint)

64.23

19.69

75.66

17.98

0.61

CS- v. CS+ (Defeat)

65.45

19.99

68.86

19.99

0.17

Table 5.1. Cohen’s D table examining magnitude differences between Restraint, Defeat and Controls
relative to Discrimination Learning. in Cohen’s d column cells shaded in light green are moderate magnitude
(0.50<d<0.79), dark green are high magnitude (d>0.80), no shading indicates small to medium magnitude
(d<.49).

Since my prior observations have demonstrated stress induced changes in behavior are the
result of alterations in CS- freezing, I compared Restraint (n=24) group to their Controls (n=24), and
Defeat (n=20) to their Controls (n=20). I found a moderate magnitude difference in CS- freezing between
both stress groups and their respective controls, with a higher magnitude difference in the Defeat cohort
(d=0.67) than in the Restraint cohort (d=0.59). One of the main goals of the approach was to evaluate the
relative impact of Restraint vs. Defeat stress on generalized fear by looking at Discrimination Score. In
order compare across groups, I clustered the Controls from both groups together (n=44), based on the
findings in Figure 5.2a and compared the controls to both stressors. Supporting the findings in Figure
5.2b, I saw that despite all the similarities in the profiles of the stressed mice across groups, Defeat mice
moderately differed in discrimination capabilities from Controls, while Restraint mice show a low
magnitude of difference towards both Control and Defeat mice. This indicates that the restraint paradigm I
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utilized was capable initiated the expected stress induced deficits in processing of non-threatening stimuli,
but it did this with less overall intensity than CSDS. This finding was consistent with our initial perception,
and prior findings (McEwen & Morrison, 2013), that behavioral impacts of chronic stress on generalized
fear are graded by the intensity of the stressor.
Physiological profile of the BF during discrimination retrieval matches PL and BLA in theta power
processing
In the same exploratory cohort discussed in Chapter 4 (Fig 4.3), I looked at LFP recordings in the VP/SI
region of the BF (Fig 5.3a). Grouped power analyses indicated that, similar to what I previously observed
in the PL-BLA circuit, there is a difference in the power dynamics of the Discriminators when processing
aversive and non-threatening cues, wherein they evoke a large theta signature and reduced delta with the
onset of the CS+, but not the CS-, while in Generalizers theta:delta ratio remains the same for both tones

Figure 5.3. Physiological Profiles of BF non-Stressed Generalizers and Discriminators. a. Same
group of animals from Figure 4.3. Example lesions from LFP placements in the BF. b. Average power
spectra of discriminators and generalizer. Power normalized to pretone via a difference in evoked CS
power (CS-pCS) c. Pairwise comparisons indicate that Theta increases relative to Delta with the CS+
onset relative to the CS-. *=p<0.05
(Fig 5.3b). Like the PL and BLA shown in Figure 4.3, there was a main effect of Tone (F(1,25)=4.463,
p=.045), and while there was no interaction between Tone x Group (F(1,25)=.774, p=.388), since this was
an exploratory analysis I looked at pairwise comparisons where I observed a significant difference
between Tones in Discriminators (F(1,25)=5.595, p=.026) but not Generalizers (F(1,25)=0.633, p=.434; Fig
5.3 c).These findings indicate that the BF undergoes similar theta-power dynamics during processing of
CS+ and CS- cues, and that during fear generalization, the pattern of theta-impairment in the BF is similar
to that see in the PL and BLA.
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Figure 5.4. Histology following chronic restraint stress. a Example slice of tissue images
at 20x on a confocal microscope. PV (blue), ChAT (far-red) and cFos (green) cells are visible
in the panel, as well as a tracing indicating areas of interest in the BF. b-c PV and cholinergic
cells per mm2 in the VP/SI and HDB subregions of the BF divided by stress exposure (b) or
generalization status (c). d. Proportion of BF activity due to PV (top) and ChAT (bottom), there
are no changes between groups. e. Proportion of PV (top) and ChAT (bottom). Generalizers
show a reduction in the proportion of PV active throughout the BF. There are no differences in
active Ch cells. f. There is a moderate correlation regardless of group between proportion of
PV active and discrimination score. g. There is a moderate correlation of discrimination score
and overall activity generate ChAT.
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GABAergic and Cholinergic Activity in the BF during discrimination memory retrieval
To understand how chronic stress affects BF histology during discrimination, I investigated which cells are
active during discrimination memory retrieval in the chronic restraint stress and control groups. To this
end, mice were perfused 90 minutes after the first CS- and CS+ presentation on the day of the recall test
and their brains were collected for histology. To identify BF Ch cells, I stained for ChAT-expression (farred), and to identify GABAergic cells, I stained for parvalbumin-expression (PV, blue), as well as the
immediate early gene cFos (green) to identify cellular activity (Fig 5.4a). I found no effect of chronic stress
on overall number of ChAT+ cells, (F(1,10)=0.044,p=.839), PV+ cells (F(1,10)=0.188,p=.673) or cFos+ cells
(F(1,10)=0.010,p=.923) at the time of recall in either VP/SI or HDB regions(Fig. 5.4b). In addition to looking
at the mice divided by stress exposure, my interests were more oriented towards understanding the
neurocircuitry driving generalized fear, and therefore I also evaluated the data as a function of fear
generalization independent of stress. Similar to my observations separated by stress exposure, there
were no differences in total number of ChAT+ cells (F(1,10)=1.294,p=.282), PV+ cells (F(1,10)=1.721,p=.219)
or cFos+ cells (F(1,10)=1.519,p=.246) when I divided mice into Generalizers and Discriminators in VP/SI or
HDB regions (Fig. 5.4c). These findings indicate that chronic restraint stress or ability to discriminate does
not alter the number of Ch or GABAergic PV+ cells in the BF, nor the total activity in these regions as
measured by expression of the immediate early gene cFos.
Given, that I am interested in the levels of activity in the different cell types of interest (Ch and
GABAergic PV+) during discrimination retrieval, I examined cellular activity in two ways: first, as percent
active of that cell type (either Ch or PV), and as percent of active cells (cFos). Since my interest was
focused on behavioral phenotype, I evaluated BF activity in Generalizers and Discriminators, and I
selected highly representative phenotypes of each group as described (see Methods). There were no
differences between Generalizers and Discriminators in the proportion of total activity contributed by
either Ch (F(1,18)=0.098,p=.758) or PV+ (F(1,18)=0.065,p=.802; Fig 5.4d) cells in the BF . Similarly, the
proportion of active Ch cells did not differ based on discrimination (F(1,20)=0.033,p=.858). However, I did
observe a significant main effect of discrimination status on proportion of active PV+ cells during recall
(F(1,18)=5.447,p=.031; Fig 5.4e), but not proportion of active Ch (F(1,20)=0.000,p=.991). To further probe the
role of these neurons, I looked at correlations between discrimination score and cell activity in the BF. I
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was particularly interested in the proportion of active PV+ cells in the VP/SI and how this activity
correlated with discrimination performance during recall. I found that the proportion of active BF PV+ cells
was significantly correlated with discrimination score (r=0.514, p=.012, Fig. 5.4f). Additionally, the
proportion of overall activity that was contributed by BF Ch cells was marginally correlated with
discrimination score (r=0.410, p=.052, Fig. 5.4g).
Disrupting cholinergic cells during learning mimics effects of stress on discrimination
All our findings thus far indicate that chronic stress, regardless of modality, acts upon learning to
bias the interpretation of safe or neutral stimuli towards threat, albeit with different strength. The findings
in this chapter demonstrate that a higher proportion of BF GABAergic PV+ cells are active in
Discriminators than Generalizers during Differential Fear Conditioning Recall. Critically this histological
research only focuses on activity pertaining to memory retrieval. It is impossible to perform histology for
activation during learning and compare it to how well an animal discriminates, since discrimination
retrieval only occurs after memories are already formed. However, much of the literature on the BF (Lin &
Nicolelis, 2008; Zhang et al., 2019) and our initial goal of investigation, surrounds the role of its
cholinergic afferents in salience detection and learning. Additionally, although my histology results pointed
more towards a role of BF PV+ cells in driving successful retrieval of discrimination, I observed a positive

Figure 5.5. Inhibition of cholinergic terminals at the PL during differential fear conditioning training
impairs discrimination recall. a. Diagram depicting model of paradigm: injecting Cre-dependent
archaerhodopsin into the BF (ventral pallidum) in ChAT-Cre mice. Anterograde eArch is taken up by ChAT
cells and expressed at cholinergic the terminal in the PL b. Example of optic fiber implant in the PL (left),
injection site in the BF (right), eArch-expressing cells in the BF (bottom). c. Terminal inhibition of PL
projecting BF ChAT cells eliminated differences in freezing between CS- and CS+, EYFP controls froze
less to CS- than CS+. Arch mice also displayed a lower overall average freezing to the CS+ (mean
difference 19%, NS), indicating poor encoding of both cues. d. Arch mice showed reduced discrimination
score relative to EYFP. controls.
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correlation between Discrimination Score and the proportion of overall activity that was represented by
cholinergic firing during recall (Fig 5.4g). Furthermore, previous work demonstrates the important of BF
Ch inputs to the PL in reward discrimination learning (Tashakori Sabzevar, 2019), suggesting that this
input may also play a role in fear discrimination. To address this question, I inhibited BF cholinergic
neurons projecting to the PL during Discrimination training (Fig 5.5a) by injecting the inhibitory opsin
Archaerhodopsin (Arch) into the BF of ChAT-Cre mice and implanting an optic fiber into the PL through
which I inhibited ChAT activation during presentation of the CS- and CS+ throughout training (Fig 5.5b). I
found an interaction (F(1,60)=5.997,p=0.17, Fig 5.5c) between Group (EYFP and eArch) and Tone (CSand CS+) through which the EYFP control group froze significantly more to the CS+ than the CS(F(1,60)=19.469,p<.0001) while Arch mice displayed no difference in freezing to the two tones
(F(1,60)=0.901,p=.346), significantly decreasing their discrimination from controls (Fig 5.5d).
Discussion
In this chapter, I compared across multiple modalities of chronic stress to demonstrate that CSDS
and Chronic Restraint both elicit a comparable shift towards generalized fear through upregulation of
freezing to the CS-. Critically, I found that while there were minimal differences between Restraint and
Defeat in overall discrimination, differences between discrimination score in Defeat and Control were
significant (Figure 5.2b) and moderate in magnitude (Table 5), whereas differences between Restraint
and Control were not significant, and low in magnitude. Given that Restraint shows minimal differences
from both Control and Defeat, but that Control and Defeat are substantially different from each other. This
suggests that chronic restraint is lower intensity stressor than CSDS, but that stress from a range of
intensities is sufficient to broadly shift the phenotype of the population towards fear generalization (Fig
5.2d), which is what is most relevant towards the realm of clinical diagnosis. This is an extremely
important concept to unpack because it mirrors the idea presented in Chapter 1 that the biological stress
system, which is conserved across mammalian species, is ill-equipped to deal with the stress, which
occurs with higher frequency in modern society. If even a small subset of those stimuli is categorized as
mildly stressful, they can have downstream behavioral and neurological consequences leading to fear
generalization. Notably, my research on restraint employed a relatively low intensity form of the task
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(1h/d:10d), and many protocols for this behavior either include more hours per day, or a longer period. It
is likely that with increased restraint, this group would begin to more closely resemble the CSDS mice.
A major aim of the work throughout this dissertation is to expand our framework for understanding
discrimination learning. mPFC-Amygdala dynamics related to fear conditioning have been explored at
length (Likhtik et al., 2014), but often without incorporating other brain regions that are critical for distinct
aspects of threat encoding. Discrimination of stimuli, like all learning (Grossberg, 1999), relies on
attentional processes (Mackintosh). A proposal by LeDoux and Pine envisions the classic “fear network”
through the lens of a Two-System Model that decouples subcortically driven defensive responding from
cortical emotions surrounding fear (LeDoux & Pine, 2016). This model posits that clearly categorized
threats rely on sensory and attentional processing (Wen et al., 2022). If an animal is not attending to
incoming stimuli, it cannot process them. This can be the result of failure to identify stimuli due to subthreshold salience for detection, such as not hearing a car horn while crossing the street because
attention is directed elsewhere, or it can be the result of processes that occur downstream from initial
sensory input. To this point, it is unlikely that animals in the behavioral testing apparatus are not hearing
the tones, due to the absence of competing stimuli, but the decision of some mice to treat the CS- and
CS+ similarly indicates a failure to attend to specific features of those cues in exchange for a broader and
less complex behavioral strategy of increasing the range of cues that should be treated as threatening.
Since the BF is known for its significant role in salience processing (Lin & Nicolelis, 2008), its
connection to learning and memory (Baxter et al., 2013) and reciprocal connections to the mPFC and
BLA (Jones, 2008; Peck & Salzman, 2014) my research focused on understanding its role in
management of threatening and ambiguous cues within threat processing. There are long-range
GABAergic PV projections from the BF to both the mPFC (Henny & Jones, 2008) and BLA (Mascagni &
McDonald, 2009). Excitation of BF PV neurons that are phase-locked to an auditory stimulus enhances
power, precision and reliability of cortical responses and synchrony between frontal and auditory cortices
(Hwang et al., 2019), suggesting that the BF PV neurons are is responsible for sorting information that
reaches the BF from sensory regions, and shapes mPFC activity during discrimination. This makes sense
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in the context of a larger proportion of BF PV+ cells being active during successful discrimination of
learned information (Fig. 5e-f).
The role of cholinergic signaling in threat memory has been heavily explored in extinction (for a
thorough review see (Knox, 2016)). BF Ch neurons innervate the mPFC, their activation enhances
synchronized theta oscillations (Lee, 2005), and these BF projections to the mPFC are necessary for
proper extinction consolidation (Boskovic et al., 2018), indicating that they are critical for the learning and
acquisition of extinction. These neurons also heavily project to the BLA, where Ach release triggers
aversive associations (Rajebhosale et al., 2021). Interestingly, stimulation of cholinergic terminals in the
BLA drives learning via LTP at cortical-BLA synapses (Jiang et al., 2016). Cumulatively a clear role exists
for BF Ach in learning. My findings that disruption of BF Ch afferents to the mPFC is sufficient to disrupt
learning, and that the eArch group increase mean freezing towards the CS- and decrease mean freezing
towards the CS+, suggest that the BF cholinergic system plays an integral role in the management of
both aversive and non-aversive stimuli, and without these inputs being transmitted to the mPFC, proper
learning about the emotional valence of cues cannot take place.
My study utilizing optogenetic inhibition focuses on training, but it would also be interesting to
understand how disruption of Ach during recall, or during a post training consolidation window, impact
behavior. Further, I focused my initial work on disruption of Ach, even though my IHC findings (Fig 5.4)
indicated a more substantial role of BF PV cells during recall. As such, it would be interesting to run a
similar experiment disrupting PV inputs to the mPFC during recall and during the earlier learning phases,
to get a more complete sense of how these cell-types in the BF contribute to downstream behavior.
Additionally, since the disruption of ChAT mimicked the effects of stress on discrimination (Fig. 5.5), and
the amount of total BF activity attributable to Ch positively cells correlated with discrimination retrieval
(Fig. 5.4g), it is possible that appropriate frequency of stimulation of this cell type might have the inverse
effect, enhancing discrimination after stress.
Overall, this chapter highlights the importance of understanding similarities in mechanism of
stress exposure that span diverse types of stressors. I showed evidence that Chronic Restraint causes a
similar phenotypic shift towards generalized fear, but to a milder extent, than is seen following CSDS. I
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then highlighted the BF as a potential neural mechanism that may be critical for driving the discriminatory
process, indicating a greater proportion of GABAergic PV cells in the BF that are active during
discrimination corresponds with better discrimination. Having established a mechanism through which the
BF contributes to memory of fearful and ambiguous events, I focused on how this system drives initial
learning. For this I focused on BF Ch afferents to the mPFC and confirmed that taking these cells offline
during Differential Fear Conditioning has similar behavioral consequences to stress exposure:
generalization. Ultimately, this chapter highlights the need to develop a more comprehensive
understanding of how different forms of stress impact fear learning and how brain regions outside of the
traditional fear circuitry of mPFC-BLA contribute to this learning.
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Chapter 6: General Discussion
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To feel safe, an animal must feel a lack of threat. This seems like a fundamentally simplistic
concept; but, if fear and safety are competing for behavioral expression using the same neural
infrastructure, then as one gains more prominence, the other diminishes, creating a teeter-totter of
behavioral expression. Like a teeter-totter, if the occupant at one end is much heavier than the one on the
other, they will have a greater sphere of control over when to go up and when to go down. Such is the
tale of the mPFC - BLA relationship, a pair of star-crossed brain regions that talk constantly but are in
tonic opposition in terms of how to handle the environment around them. When the system is working
properly, an animal can rely on its BLA to upregulate in response to stress in the face of specific
threatening stimuli, and upon the mPFC to disengage that system when the threat has passed. The
question concerning mental health, is, what happens when an animal fails to disengage its stress
response for prolonged intervals?
This thesis focuses on generalized fear as a condition that contributes to an array of physiological
symptoms related to psychiatric diagnosis. Chronic stress has been thoroughly investigated in its ability to
disrupt the acquisition and recall of fear extinction (Chakraborty & Chattarji, 2019; Hoffman et al., 2014;
Judd et al., 2020; Vyas et al., 2003). As I presented in Chapter 1, the process of extinction is, in many
ways, the process of learning safety to compete with a previously learned fear. Generalized fear, which is
my primary clinical interest in this dissertation, manifests as impaired signaling about non-threat
(Jovanovic et al., 2012). Since chronic stress impairs extinction learning (Hoffman, Lorson, Sanabria,
Olive, et al., 2014), and extinction is new or reversal learning of safety regarding previous threat, then
there should be an effect through which chronic stress impairs safety encoding or retrieval. This clearly
leads to the likelihood that the prevailing effect of chronic stress is in fact an impairment of safety
acquisition, which manifests in generalized fear, impaired safety retrieval and acts as a symptom of
disorders such obsessive compulsive disorder, PTSD, and generalized anxiety disorder, which all involve
alterations of behavior towards non-threatening stimuli. In Chapter 2, I employed an explicit safety
learning paradigm that our lab has previously used, and combined it with CSDS to directly explore the
effects of chronic stress on explicit safety processing. I found that following chronic stress, mice increased
social avoidance, showed impaired memory for learned safety, and a greater proportion of the group
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showed non-suppression of fear towards the CSsafety. These data strongly support the hypothesis that
chronic stress interferes with explicit safety encoding.
In Chapter 3 I expanded the behavioral exploration of safety learning by investigating
communication in the PL-BLA circuit of stressed and non-stressed mice using local-field potentials during
retrieval of explicit safety cues. In Defeated mice, I found that as trials progressed, both CSsafety and the
pCS period showed elevated theta power in the PL. Interestingly, in Controls, as trials progressed, there
was an increase in delta relative to theta during the pCS, indicating that they were extinguishing fear to
context, an effect that was absent in Defeated animals. In the BLA, I saw decreased absolute theta-power
to the CSsafety in both groups. More interestingly, in this region I saw that as trials progressed, defeated
mice increased theta during the pCS. Since BLA theta is associate with threat processing (Stujenske et
al., 2014) this indicates that stressed mice failed to extinguish the threatening nature of the context as
trials progressed, and even processed it as more threatening by the end of the task relative to the
beginning of the task. This is consistent with a stress induced deficit in extinction, since in this task the
pCS represent the threatening context. Critically, I found that CSDS impaired PL-BLA synchrony
throughout the explicit safety memory retrieval task, an impairment that may be explained by the
observation of reduced dendritic spines in the PL following this stress. These findings indicate that both
safety acquisition and extinction are impaired by chronic stress, and by only targeting extinction
therapeutically, half of the system is not being addressed.
Understanding of the mechanisms driving explicit safety are sparse. Rogan et al., who originally
developed the explicit safety paradigm for C57B6J mice, and which we adapted for 129SvEv/Tac mice as
shown in chapters 2 and 3, found that the CSsafety evokes a lasting depression in activity of BLA LFPs
(Rogan et al., 2005). From Differential Fear Conditioning studies, looking at the CS- as a relative “safe”
cue, it has been shown that safety learning corresponds with increased theta-gamma coupling in the
mPFC and while fear events sees elevated BLA theta-gamma (Stujenske et al., 2014), with the mPFC
leading the BLA during safety (Likhtik et al., 2014). However, in these paradigms, the CS- is not explicitly
safe, since in these paradigms the only time that threat is present is during the CS+, so the CS- does not
signal any level of actual safety beyond the context itself. Since BLA activity is known to be critical for
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driving defensive behavior and fear processing (Gross & Canteras, 2012) it stands to reason that
decreases in BLA activity seen following safety indicate a reduction in threat-biased behavior. However, it
is critical to note that the BLA is not only attuned to threat, and contains fear and safety cells, and it has
been shown that the safety cells can reduce the firing profile of fear cells (Sangha et al., 2013). My
findings add to this literature in a manner that further connects safety literature to the broader fear safety
engram.
Since all the evidence up to this point indicates that safety and fear are engaging competing
neurological and behavioral processes, I wanted to understand the therapeutic potential of prior safety
learning in improving generalized fear. I explored this question in Chapter 4 using a differential fear
conditioning paradigm. This paradigm allowed me to simultaneous explore aspects of safety and fear in a
single model and test the hypothesis that previous safety learning would provide a buffering effect in
deficits towards processing non-threatening cues. I first sought to establish the impacts of CSDS on
Differential Fear Conditioning and found that it increased freezing to the non-threatening CS-, effectively
eliminated discrimination between the two tones. I found a significant correlation between avoidance of a
non-threatening CS- during discrimination and the cup occupied by a mouse of the same strain in social
interaction, indicating a shared mechanism of generalized fear that spans across tasks. Successful
Discriminators showed a consistent increase of theta relative to delta in both the mPFC and BLA with the
CS+, but not CS-, while Generalizers showed no difference in theta-evoked signal between tones.
Ultimately, the goal of this chapter was to utilize explicit safety to buffer CSDS driven deficits in
discrimination, and I found that this was the case in a cohort of animals that went through both tasks and
maintained the same auditory cue for the CS- as they had previously been conditioned to view as the
CSsafety. This highlights a fully behavioral mechanism that has the potential to shield against the fear
generalization associated with chronic stress.
In Chapter 5 I explore how another chronic stress paradigm, Chronic Restraint Stress, leads to
similar population shifts as CSDS in terms of increasing the proportion of Generalizers. I found that
although the paradigm of Restraint I employed acted as a lower magnitude stressor, this group still shifted
towards generalization, but they did not significantly differ from the CSDS or Control groups, even though
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those groups differed from each other. In this chapter I also probe whether an additional region typically
associated with salience encoding and spatial learning/memory – the cholinergic BF – may be an active
participant in the PL-BLA circuit and whether it is also susceptible to alterations following chronic stress. I
found a similar pattern of theta:delta ratio in Discriminators and Generalizers within the BF as I saw in the
PL-BLA. Using immunohistochemistry, Discriminators have a greater proportion of active PV+ cells in the
BF during Differential Fear Recall, which positively correlated with discrimination on the task. I also found
a positive correlation between discrimination and the proportion of overall cell activity that is due to BF
cholinergic cells. Finally, I utilized optogenetics to inhibit Cholinergic BF terminals in the PL during
Differential Fear Conditioning Training and this severely disrupted their discrimination during retrieval,
suggesting that BF cholinergic inputs to the PL are necessary for the differential encoding threat and
safety.
The overarching goal of this thesis was to explore how chronic stress leads to generalized fear.
There are many ways to probe generalized fear, and when an animal is making decisions in a real-world
environment, they are dealing with much more complicated inputs than simply threat and safety. A huge
driver of innate behavior is also the acquisition of reward (Dayan & Balleine, 2002). In the safety
paradigm I employed, the reward was removal of the threat. Further, animals within this task do not have
any choice in the outcome and are rather displaying behavioral and neural activity that represents being
passive recipients of cue outcomes. Since decisions about weighing safety vs threat generally
accompany the ability of the animal to engage in tasks that are risk prone versus risk averse, it would be
interesting to understand how the neural mechanisms involved with reward by safety overlap with
appetitive reward conditions, as well as exploration or foraging. Previous findings from our group indicate
that exposure to safety learning increases exploration in the open field relative to previous fear
conditioning (Nahmoud et al., 2021), suggesting that this behavioral treatment can have positive effects
beyond threat-safety discrimination.
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